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ABSTRACT 
Analytical and experimental investigations are reported concerning the 
Dual Mode Hydrazine System for attitude control and maneuvering propulsion 
of an advanced interplanetary space probe. The fundamentals of hydrazine 
electrolysis, including stoichiometry, electrolyte and electrode properties, 
materials compatibilities, power requirements, and reaction controllability 
are included. In addition, the problems of zero-g operation are considered. It is 
concluded that there are no fundamental obstacles to construction and test 
of a developmental model hydrazine electrolysis assembly; materials and a 
preliminary design are selected. 
t 
4 
1. I n t r o d u c t i o n  and Summary 
This r e p o r t  i s  a summary of work performed under Task I V  of J P L  Cont rac t  
951720, dur ing  t h e  per iod August 1, 1967 - February 1, 1968. The o b j e c t i v e  
of Task I V  w a s  t o  conduct experimental  and a n a l y t i c a l  work i n  t h e  e l e c t r o l y s i s  
of hydraz ine  t o  provide gases  f o r  spacec ra f t  a t t i t u d e  c o n t r o l .  The informat ion  
acqui red  i s  t o  be used i n  Task V t o  f a b r i c a t e  and test  a developmental model 
of t h e  Dual Mode Hydrazine System. 
and analyzed i n  d e t a i l  under Tasks 1-111 of t h e  c o n t r a c t ,  t h e  e l e c t r o l y s i s  
gases  are employed t o  provide a t t i t u d e  c o n t r o l  gas  pu l s ing  and t h e  l i q u i d  
hydraz ine  from t h e  same tank  i s  f e d  t o  c a t a l y t i c  engines  f o r  h igher  t h r u s t  
maneuvering func t ions .  
summarized i n  a r e c e n t  paper .*  
t h e  requirements  of t h e  s p e c i f i c  mission analyzed under Tasks 1-111. That 
miss ion  w a s  a l a r g e  i n t e r p l a n e t a r y  probe-lander of t h e  Voyager c l a s s .  
In  t h e  la t ter  system, devised a t  Hughes 
The p o t e n t i a l  advantages of t h e  system have been 
The present  s tudy  w a s  concerned wi th  meeting 
The work r epor t ed  h e r e  has  shown t h a t  t h e r e  are no fundamental problems 
t o  be overcome i n  reducing t h e  Dual Mode Hydrazine System t o  practice. 
remaining areas of u n c e r t a i n t y  are best  a t t a c k e d  dur ing  t e s t  of t h e  develop- 
mental  model of Task V .  
s umma P i zed be 1 ow. 
The 
The r e s u l t s  i n  t h e  va r ious  areas of i n v e s t i g a t i o n  are 
A. C o n t r o l l a b i l i t y  
D e l i b e r a t e  a t t e m p t s  t o  i n i t i a t e  uncon t ro l l ed  hydrazine decomposition 
under e l e c t r o l y s i s  cond i t ions  have been unsuccessfu l .  These t e s t s  have i n -  
volved experiments a t  e l eva ted  temperatures  and p r e s s u r e s i n  a bomb, and l abora -  
t o r y  scale glassware t e s t s  i n  which small  wires s h o r t i n g  t h e  e l e c t r o d e s  were 
burned o u t ,  s imu la t ing  h o t  spo t s .  It w a s  concluded t h a t  a c e l l  may be con- 
s t r u c t e d  which has  a l a r g e  to l e rance  t o  inadve r t en t  h o t  s p o t s ,  and t h a t  t h e  
hea t  r e l e a s e d  by e l e c t r o l y s i s  i s  l a r g e l y  d i s s i p a t e d  i n  h e a t  of vapor i za t ion .  
A review of t h e  l i t e r a t u r e  i n d i c a t e d  t h a t  hydrazine explos ions  are 
l i k e l y  only  i n  t h e  event  of formation of und i lu t ed ,  superheated hydrazine vapor.  
Thermodynamic c a l c u l a t i o n s  showed t h a t  such a n  occurrence  would be  very  u n l i k e l y  
i n  p r a c t i c e .  
P r e s s u r i z a t i o n  by e l e c t r o l y s i s ,  up t o  600 p s i a ,  w a s  demonstrated several 
t i m e s .  The p res su re  r i se  w a s  smooth, and w a s  d i r e c t l y  r e l a t e d  t o  the  amount of 
e l e c t r i c a l  energy used. 
W .  H .  Jones and W. W .  Butcher ,  "Hydrazine E l e c t r o l y s i s  f o r  Micro thrus t  App l i ca t ions ;  
The Dual Hydrazine System", Hydrazine Monopropellant Technology Symposium, Naval 
A i r  Systems Command, November 28-30, 1967. CPIA P u b l i c a t i o n  No. 160. 
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B. E l e c t r o l y t e s  
A survey of t h e  l i t e ra ture  revealed no information on t h e  e l e c t r o l y s i s  
of pure hydraz ine ,  but  a l l  evidence from aqueous s o l u t i o n  s t u d i e s  i n d i c a t e s  t h a t  
on ly  hydrogen and n i t rogen  gases  w i l l  be produced under most cond i t ions .  Exper i -  
ments a t  HAC gave only those  gases  on e l e c t r o l y s i s  of commercial hydraz ine .  
Several candida te  e l e c t r o l y t e s  were procured o r  prepared,  and s t u d i e s  
c a r r i e d  out  of s o l u b i l i t y ,  conduct iv i ty ,  and compa t ib i l i t y .  The most promising 
w a s  dihydrazinium o x a l a t e  (equiva len t  t o  o x a l i c  a c i d  i n  s o l u t i o n ) .  
w i l l  g i v e  adequate  conduc t iv i ty  a t  very low (<1%) concen t r a t ions ,  e x h i b i t s  t h e  
necessary  c o m p a t i b i l i t y  p r o p e r t i e s ,  and i s  no t  l i k e l y  t o  have a n  adve r se  e f f e c t  
on t h e  o p e r a t i o n  of t h e  c a t a l y t i c  engines .  
This  material 
C .  E l ec t rodes  
A number of metals were t r i e d  as anode materials, i nc lud ing  s t a i n l e s s  
s teels ,  go ld ,  plat inum and s i lver .  I n  a l l  cases, c o r r o s i v e  a t t a c k  w a s  evidenced 
a t  s u f f i c i e n t l y  high vo l t ages .  Although some of them, p a r t i c u l a r l y  s i l v e r ,  might 
prove usab le  under r e s t r i c t e d  condi t ions ,  t h e  most a t t r a c t i v e  cand ida te s  f o r  t h e  
anode were g r a p h i t e  and carbon. 
up t o  28 v o l t s ,  i . e .  s p a c e c r a f t  bus vo l t age .  A p o s s i b l e  problem i s  mechanical 
a t t r i t i o n  of t h e  e l e c t r o d e  a f t e r  extended per iods  of e l e c t r o l y s i s ,  but  it i s  
a n t i c i p a t e d  t h a t  s e l e c t i o n  of a s u i t a b l e  k ind  of g r a p h i t e  o r  carbon w i l l  no t  be 
d i f f i c u l t .  For  t h e  ca thode ,  any of a number of metals i s  s u i t a b l e ;  e i t h e r  
aluminum o r  a s t a i n l e s s  s tee l  w i l l  be used i n  Task V .  
These materials showed no c o r r o s i o n  a t  p o t e n t i a l s  
D .  Power Requirements 
An a n a l y s i s  w a s  made of t h e  probable  e l e c t r o l y s i s  c e l l  power requirements  
f o r  t h e  mission.  
E .  Wicking Materials 
Analys is  of t h e  wicking requirements  f o r  t h e  mission showed them t o  be 
very  modest; t h e  p r i n c i p a l  c r i t e r i a  f o r  s e l e c t i o n  were accord ing ly  s t r u c t u r a l  
s t a b i l i t y  and c o m p a t i b i l i t y  r a t h e r  than r a p i d  wicking a c t i o n .  
of materials w e r e  t e s t e d .  The most a p p r o p r i a t e  w a s  found t o  be  g l a s s  c l o t h  . A number of k inds  
F.  Compat ib i l i ty  
Ava i l ab le  informat ion  on hydrazine compa t ib i l i t y  w i th  t h e  materials 
of i n t e r e s t  w a s  reviewed, and l abora to ry  experiments conducted. It w a s  con- 
c luded t h a t  t h e  developmental  model c e l l  of Task V should be cons t ruc t ed  of 
6A1-4V t i t an ium,  aluminum, g r a p h i t e ,  99+% s i l ica  g l a s s  c l o t h ,  304 s t a i n l e s s  
s tee l ,  Te f lon ,  and polypropylene. No s e r i o u s  c o m p a t i b i l i t y  problems are fo reseen .  
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G .  Zero-g Design 
The problems of d e l i v e r i n g  l i q u i d - f r e e  gas  t o  t h e  a t t i t u d e  c o n t r o l  
t h r u s t e r s  and g a s - f r e e  l i q u i d  t o  t h e  c a t a l y t i c  engines  were analyzed on t h e  
b a s i s  of a v a i l a b l e  theory .  It w a s  found t h a t  t h e  l i q u i d  expuls ion  requirements  
are probably w i t h i n  t h e  c a p a b i l i t y  of e x i s t i n g  su r face - t ens ion  sc reen  dev ices ,  
and f u r t h e r  work i n  t h a t  area under the p re sen t  c o n t r a c t  would not  be worth- 
while .  Several des igns  f o r  t h e  gas  vent s i d e  w e r e  cons idered ,  and a conf igu ra t ion  
s e l e c t e d  which t a k e s  advantage of the  f a c t  t h a t  i n  t h e  Dual Mode Hydrazine System 
t h e  gas  may be genera ted  as r equ i r ed  i n  a known l o c a t i o n .  A l abo ra to ry  model w a s  
cons t ruc t ed  and t e s t e d  s u c c e s s f u l l y  a t  -1g. 
H. G a s  S o l u b i l i t i e s  
R e v i e w  of a v a i l a b l e  l i t e ra ture  i n d i c a t e d  t h a t  t h e  e l e c t r o l y s i s  products ,  
gaseous n i t r o g e n  and hydrogen, are n o t  app rec i ab ly  s o l u b l e  i n  hydrazine.  
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11. L i t e r a t u r e  R e v i e w  
There are several a s p e c t s  of the hydraz ine  e l e c t r o l y s i s  process  which are 
of p a r t i c u l a r  i n t e r e s t  from t h e  s tandpoin t  of propuls ion .  It i s  f i r s t  necessary 
t o  know t h e  composition of t h e  gases  formed: t h e  lowest molecular  weight ,  and 
t h e r e f o r e  h i g h e s t  s p e c i f i c  impulse,  mixture i s  t h a t  r e s u l t i n g  from formation of 
t h e  elements  N 
ammonia would g i v e  lower performance. Secondly,  t h e  s o l u b i l i t i e s  of t h e  product 
gases  i n  t h e  hydrazine must be known, s i n c e  t h e  lesser t h e  s o l u b i l i t y  t h e  more 
e f f i c i e n t  t h e  p r e s s u r i z a t i o n  process  and t h e  smaller t h e  change i n  l i q u i d  com- 
p o s i t i o n  as e l e c t r o l y s i s  proceeds.  I n  t h e  t h i r d  p l ace ,  t h e  kind and amount, i f  
any, of r equ i r ed  added e l e c t r o l y t e  must be  de f ined ,  and t h e  r e s u l t i n g  e f f e c t  on 
t h e  performance of t h e  c a t a l y t i c  l i q u i d  engines  known. 
(8) and H2 (g ) ;  in te rmedia te  decomposition products  such as 2 
A s  w i l l  be d iscussed  la te r ,  t h e  e l e c t r o l y s i s  of hydrazine i s  an  exothermic 
process .  Accordingly,  i t  w a s  a l s o  d e s i r a b l e  t o  review t h e  l i t e r a t u r e  concerning 
the  thermal  decomposition processes  of hydraz ine ,  i n  o r d e r  t o  e v a l u a t e  t h e  
probable  c o n t r o l l a b i l i t y  of t h e  e l e c t r o l y t i c  process .  
A .  E l e c t r o l y s i s  
Although aqueous s o l u t i o n s  of hydraz ine  have been s t u d i e d  by a number 
of i n v e s t i g a t o r s ,  no work h a s  been repor ted  concerning t h e  e l e c t r o l y s i s  of pure 
hydrazine.  I n  f a c t ,  very  l i t t l e  has  been r epor t ed  on t h e  e l e c t r o l y s i s  of e i t h e r  
o rgan ic  o r  i no rgan ic  s o l v e n t s  o t h e r  than  water (1). 
The s t u d i e s  i n  aqueous s o l u t i o n s  i n d i c a t e  t h a t  t h e  normal hydrazine 
e l e c t r o l y s i s  products  are gaseous n i t rogen  and hydrogen, a t  anode and cathode 
r e s p e c t i v e l y .  Other products ,  such as ammonia, hydrazoic  a c i d  and more complex 
n i t r o g e n  compounds, may be formed a t  h igh  c u r r e n t  d e n s i t y ,  p a r t i c u l a r l y  i n  t h e  
presence  of c e r t a i n  ions .  S u l f a t e ,  f o r  example, can be oxid ized  t o  p e r s u l f a t e  
i f  c u r r e n t  d e n s i t y  and c e l l  v o l t a g e  are high enough. I n  t h a t  case, t h e  ox ida t ion  
t o  abnormal products  i s  appa ren t ly  by p e r s u l f a t e  r a t h e r  t han  a t  an  e l e c t r o d e .  
One i t e m  of s p e c i a l  i n t e r e s t  w a s  r epor t ed  by Tur ren t ine  and Gibbons (Z) ,  who 
e l e c t r o l y z e d  hydraz ine  carbonate  i n  co ld  s o l u t i o n  a t  high c u r r e n t  d e n s i t y .  
These cond i t ions  presumably would be f avorab le  t o  t h e  format ion  of percarbonate  
and abnormal o x i d a t i o n  products  of hydrazine.  Never the less ,  n i t rogen  w a s  t h e  
only  product  a t  t h e  anode. Th i s  resul t :  i s  f avorab le  because t r a c e  amounts of 
a tmospheric  carbon d iox ide  are l i k e l y  hydrazine contaminants .  
Evidence Concerning t h e  mechanisms of t h e  e l e c t r o d e  r e a c t i o n s  i n  
hydraz ine  e l e c t r o l y s i s  i s  meager and c o n f l i c t i n g  (4-6).  These r e s u l t s  w i l l  not 
be  reviewed h e r e ,  because they  are a l l  der ived  from aqueous systems and t h e i r  
a p p l i c a b i l i t y  t o  nea t  hydraz ine  i s  ques t ionable .  I n  reducing t h e  d u a l  mode 
hydraz ine  system t o  p r a c t i c e ,  condi t ions  w i l l  be s e l e c t e d  which g ive  t h e  normal 
e l e c t r o l y s i s  products ;  t h e  mechanism, of t h e i r  format ion  i s  of no p r a c t i c a l  
concern 
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B. S o l u b i l i t i e s  
The gaseous products  of hydrazine e l e c t r o l y s i s  w i l l  t o  some e x t e n t  
d i s s o l v e  i n  t h e  l i q u i d  hydrazine.  This f a c t  w i l l  l e ad  t o  some i n e f f i c i e n c y  
i n  p r e s s u r i z a t i o n ,  and some loss  of gas  through f i r i n g  of t h e  l i q u i d  engines .  
I f  on ly  t h e  gas - s ide  t h r u s t e r s  were used, t h e r e  would, of course ,  be no t o t a l  
gas  loss over  t h e  e n t i r e  mission.  A s  w i l l  b e  shown, t h e  a v a i l a b l e  informat ion  
i n d i c a t e s  t h a t  v i r t u a l l y  a l l  of t h e  ammonia and none of t h e  hydrogen and n i t rogen  
r e s u l t i n g  from hydraz ine  decomposition w i l l  d i s s o l v e  i n  t h e  remaining l i q u i d .  
To t a k e  a s p e c i f i c  case, we may cons ider  t h e  3600 lb-sec .  t o t a l  impulse 
requirement f o r  t h e  mission.  If half  of t h i s  i s  employed f o r  t h e  l i q u i d  engines  
a t - a n  I of 230 seconds and t h e  other  h a l f  f o r  co ld  gas  a t t i t u d e  c o n t r o l  a 
of f!?O seconds,  t h e  t o t a l  tank volume w i l l  be  of t h e  o rde r  of 11,000 cm 
a d  the volume of p rope l l an t  f o r  the l i q u i d  engines  about  3500 cm3. 
a tank  p res su re  of 200 psia (13.6 atm.) and a temperature  of 25OC (77'F). 
may t h e n  estimate from s o l u b i l i t y  data  what f r a c t i o n  of t h e  t o t a l  gases  genera ted  
could be  l o s t  through the  l i q u i d  t h r u s t e r s .  I f  t h e  p r e s s u r i z a t i o n  occurs  by t h e  
r e a c t i o n  N2H4 ( A )  = N2 (g) + 2H (g) ,  t hen  t o  a f i r s t  approximation,  P 
5 an 
Is Consider  
W e  
g = 4.5 a t m . ,  
and P g = 9.1  a t m .  2 N2 
H 2  
1. Nitrogen 
Three r e fe rences  (7-9) were found concerning t h e  s o l u b i l i t y  of 
gaseous n i t r o g e n  i n  hydraz ine ,  Representa t ive  d a t a ,  reduced t o  a common b a s i s ,  
are g iven  i n  Table  I. 
d i f f e r e n t  hydraz ine  p u r i t i e s ,  and are probably of d i f f e r i n g  v a l i d i t i e s .  
The r e s u l t s  were obta ined  by d i f f e r e n t  techniques ,  w i t h  
Because t h e  s o l u b i l i t y  of a gas  i n  a l i q u i d  i s  approximately pro-  
p o r t i o n a l  t o  t h e  par t ia l  p re s su re  of t h e  gas ,  t h e  d a t a  of Table  1 can be con- 
v e r t e d  t o  a common b a s i s ,  Tab lePI  compares t h e  t h r e e  sources  of d a t a  a t  200 p s i a .  
(Note t h a t  no c o r r e c t i o n  i s  made fo r  t h e  e f f e c t  of vapor  p re s su re  of hydraz ine ,  
which i s  small). It w i l l  be seen  t h a t  t h e r e  i s  a l a r g e  d i f f e r e n c e  between t h e  
A e r o j e t  and t h e  o t h e r  d a t a .  The Aeroje t  d a t a  are more r ecen t  and were obta ined  
a t  p re s su res  c l o s e r  t o  those  of p r a c t i c a l  i n t e r e s t .  
The above r e s u l t s  may be appl ied  t o  t h e  s p e c i f i c  case  g iven  p rev ious ly ,  
i .e. f o r  3500 m l  hydraz ine ,  7500 m l  u l l a g e  a t  200 p s i a  and 7'F. 
composi t ion i s  approximately (N 
of t h e  n i t r o g e n  genera ted  d i s s o l v e s  i n  t h e  hydraz ine ,  based on t h e  Aero je t  r e s u l t s ;  
o r  5%, based i n  t h e  NOTs r e s u l t s .  I t  i s  probable  t h a t  t h e  Aero je t  d a t a  are more 
a p p l i c a b l e  t o  t h e  p re sen t  s i t u a t i o n ,  bu t  even i f  t h e  h ighe r  f i g u r e  were c o r r e c t ,  
i t  seems u n l i k e l y  t h a t  t h e  opera t ion  of t h e  c a t a l y t i c  engines  would be s e r i o u s l y  
a f f e c t e d .  
I f  t h e  gas  
+ 2H2) ,  t h e  d a t a  of Table  2 i n d i c a t e  t h a t  0.1% 
2 .  Hydrogen 
Hydrogen s o l u b i l i t y  data  f o r  hydraz ine  were found only  i n  r e f e r  nce -5 7 (NOTs). It i s  r epor t ed  t h a t  t h e  s o l u b i l i t y  i s  "very low", about  1.6 x 10 w t %  
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TABLE I1 
NITROGEN GAS SOLUBILITY I N  HYDRAZINE 
AT 200 PSIA GAS PRESSURE 
REF E RENCE 
NOTS (7) 
B e l l  (8) 
Aerojet (9) 
T ,  0 F 
86 0.17 
SOLUBILITY, WT. % 
46.4 0.10 + - 0.08 
77 0.0035 
46 0.0031 
86 0.0039 
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at 650 mm pressure and 3OoC. 
an estimate that 0.1% of the generated hydrogen dissolves in the hydrazine. 
For the above specific case, this figure leads to 
3. Ammonia 
There remains the question of abnormal electrolysis products, parti- 
cularly ammonia. 
atmosphere is reported. 
all of any ammonia formed on electrolysis will dissolve in the hydrazine. 
In reference (10) a solubility of 4.472 g NH /1OOg N2H4 at 1 
Simple calculations from this value s?ow that virtually 
C. Decomposition Reactions of Hydrazine 
At ordinary temperature, the hydrazine molecule is metastable with 
respect to a variety of decomposition products. Once the necessary activation 
energy has been acquired, the decomposition reaction gives hydrogen, nitrogen, 
and a variable amount of ammonia as the ultimate products. The mechanism by 
which the reaction occurs may be complex, because of the many possible inter- 
mediate species. A number of radicals, ions, and molecular species possibly 
could be part of the reaction. 
The reactions may be classified into two general groups: homogeneous 
and heterogeneous. As in the study of most other chemical reactions, the homo- 
geneous types are much easier to investigate, and most of the information is of 
these types. The evidence to date indicates that the decomposition reaction is 
principally a gas-phase process, with explosions arising from heterogeneous 
decomposition of gaseous hydrazine. In the absence of a catalytic surface or 
oxygen, the liquid has been heated to above 500 F without decomposition. 0 a 
A number of high temperature studies (>lOOO°K) , including flame, shock 
tube, and flow reactor experiments, are available; these investigations have been 
largely concerned with acquisition of kinetic and rneehanistic information concerning 
the homogeneous gas-phase reaction. Relatively few low-temperature studies are to 
be found. Some recent reviews are given in References 11-13; experimental infor- 
mation is found in Reference 14-16. A number of different mechanisms have been 
proposed, but regardless of which is correct, the first step of the homogeneous 
reaction is relatively certain: dissociation of hydrazine to amino radicals. 
The succeeding steps are radical reactions in all cases. It should be noted that 
this conclusion refers to normal thermal decomposition rather than detonation. 
The mechanism of the latter is probably different, as will be mentioned later. 
A main point of the literature results is that at ordinary temperatures 
the homogeneous rate is generally small compared with the heterogeneous rate. 
The data shown in Figure 1 are typical of those reported for decomposition on 
common metals. Generally speaking, the trend is towards less importance of the 
substrate composition at higher temperatures, with most weakly catalytic surfaces 
becoming equivalent at about 1000°F . 
- 10- 
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The surface- induced decomposition may involve l i q u i d  as w e l l  as gaseous 
hydraz ine ;  t h e  evidence i s  not  e n t i r e l y  c l e a r .  
r epor t ed  t h a t  hydrazine in t roduced  i n t o  mercu ry - f i l l ed  g l a s s  tubes  wi thout  i n i t i a l  
u l l a g e  space behaved as though t h e  r e a c t i o n  occurred a t  t h e  l i q u i d - g l a s s  i n t e r f a c e .  
Later ana lyses ,  however, i n d i c a t e d  t h e  r e s u l t s  could be i n t e r p r e t e d  equa l ly  w e l l  
on the b a s i s  of a process  c o n t r o l l e d  by v a p o r i z a t i o n  rate,  Likewise,  t h e  i so thermal  
bomb experiments  of Thomas (Reference 18) may be  vapor i za t ion -con t ro l l ed .  
I n  e a r l y  experiments ,  Lucien (17) 
I c t e r p r e t a t i o n  of r epor t ed  hydrazine e o m p a t i b i l i t y  d a t a  i s  sometimes 
clouded by t h e  f a c t  t h a t  measurements are made i n  g l a s s  appa ra tus .  
c a t a l y s i s  a lmost  i n e v i t a b l y  r e q u i r e s  adso rp t ion  of t h e  r e a c t a n t  molecule on t h e  
c a t a l y s t  su r f ace .  Th i s  process  i s  expected t o  be somewhat d i f f e r e n t  f o r  hydrazine 
adso rp t ion  on g l a s s  compared wi th  adso rp t ion  on metals. 
Heterogeneous 
Metals may be d iv ided  i n t o  two groups: t h e  r e l a t i v e l y  n o n c a t a l y t i c  group 
t y p i f i e d  by Au, Cd, Mg and A l ,  and t h e  h i g h l y  c a t a l y t i c  group which inc ludes  C r y  
Mn, Fe,  N i ,  P t  Ir and Cu. Inspec t ion  of t h e  e l e c t r o n i c  s t r u c t u r e  of t h e s e  
elements  sugges ts  that  incomplete d - o r b i t a l s  may b e  a key f e a t u r e  of t h e  c a t a l y t i c  
group, When o r b i t a l  sha r ing  is  poss ib l e ,  such as by f r e e  e l e c t r o n s  of t h e  
hydraz ine  molecule,  t h e  o v e r a l l  energy of a system i s  reduced,  as commonly mani- 
f e s t e d  by release of h e a t  of s u r f a c e  adso rp t ion .  O r b i t a l  sha r ing  a l s o  tends  t o  
reduce,  o r  a t  least  a l t e r ,  t h e  energy l e v e l  of t h e  p o s s i b l e  e x c i t e d  states and, 
i n  consequence, t h e  a c t i v a t i o n  energy r equ i r ed  f o r  t h e  rearrangement of molecular  
bonds. That adso rp t ion  bonding by the unshared e l d e t r o n s  on t h e  n i t r o g e n  atom i s  
important  i s  v e r i f i e d  by t h e  observa t ion  t h a t  ammonia i s  a poison f o r  Shea1 405 
c a t a l y s t .  The ammonia presumably i s  adsorbed on r e a c t i v e  s i tes  i n  t h e  same manner 
as hydraz ine ,  thereby  reducing t h e  a v a i l a b l e  s u r f a c e  area. Vacuum removes absorbed 
ammonia and r e t u r n s  t h e  c a t a l y s t  t o  f u l l  s t r e n g t h .  Few d e t a i l s  are known of t h e  
mechanism of decomposition of a hydrazine molecule adsorbed on m e t a l l i c  s u r f a c e s .  
It h a s  been suggested (13) t h a t  a d i s s o c i a t i o n  t o  amino r a d i c a l s  may be t h e  f i r s t  
s t e p ,  analogous t o  t h e  homogeneous r eac t ion ,  but  t h e r e  would not  a p p e a r  t o  be any 
d i r e c t  evidence of r a d i c a l  formation.  
a 
I n  t h e  case  of glass o r  s i l i c a  s u r f a c e s ,  t h e  exper imenta l  evidence i s  
reasonably  conclusive:  d i s s o c i a t i o n  t o  r a d i c a l s  does not  occur .  Szwarc (19) 
noted t h a t  decomposition i n  t h e  presence of t o luene  produced d ibenzyl  i n  pro- 
p o r t i o n  t o  t h e  amount of amino r a d i c a l s ,  and i n c r e a s i n g  t h e  s u r f a c e  area of t h e  
r e a c t o r  increased  o v e r a l l  r e a c t i o n  ra te ,  bu t  d i d  no t  a f f e c t  d ibenzyl  product ion,  
i n d i c a t i n g  t h e  amino r a d i c a l s  w e r e  produced only by t h e  homogeneous r e a c t i o n .  
I n  a d d i t i o n ,  Kant and McMahon (20) s tudied decomposition of ni t rogen-15 labe led  
hydraz ine  i n  g l a s s  vessels and found t h a t  t h e  n i t r o g e n  gas  w a s  produced without  
r u p t u r e  of t h e  o r i g i n a l  N-N bond; t h i s  f a c t  p rec ludes  f o r n a t i o n  of amino r a d i c a l s .  
F u r t h e r  evidence f o r  absence of r a d i c a l s  w a s  r e p o r t e d  by Birse and Melville ( 2 1 ) ,  
who decomposed hydraz ine  on g l a s s  i n  t h e  presence of para-hydrogen. No 0 - p  con- 
v e r s i o n  w a s  observed, as would have happened i n  t h e  presence  of a very  low f r e e  
r a d i c a l  concent ra t ion .  It i s  not  su rp r i s ing  t h a t  t h e  mechanism of decomposition 
i s  d i f f e r e n t  on g l a s s  and a metal because t h e  a b s o r p t i o n  process  i s  not  t h e  sane. 
-12- 
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The glass has no atoms with unfilled d-orbitals available for bonding, but 
the combined oxygen atoms are sufficiently electronegative to attract 
electropositive hydrogen atoms strongly. 
decomposition intermediates are also intimately associated with the glass oxygen 
atoms, from which may derive the friving force for the reaction. 
It is likely that the hydronitrogen 
Adsorption in a configuration favorable for decomposition might be 
The metal is a regular array of atoms in a crystal network and bonding 
expected to be easier on metal than on glass because of the steric factors in- 
volved. 
should take place through two, or perhaps only one, nitrogen atoms. With glass, 
however, four or more elastrostatic bonds between the hydrogen atoms of the 
hydrazine and the oxygen atoms of the glass may be needed. 
normally non-crystalline, may have few or many sites which are catalytically 
active, depending on the frequency of occurrence of atoms in the proper con- 
figuration. 
improperly adsorbed on active sites. 
Glass, being 
Much of the adsorbed hydrazine may be on non-reactive sites or 
If it is proper to assume that adsorption in a reactive configuration 
There 
is easier or metal than on glass, it is still not proper to assume the reaction 
rate will be faster because that also depends on the activation energy. 
is not sufficient information t o  estimate that energy, and hence overall reaction 
rate. It would, however, appear that inherent randomness in configuration of the 
glass atoms and more positions in which hydrazine could be adsorbed would lead to 
more variability in overall reaction rate for glass than for metals. 
The major area of concern in inducing hydrazine decomposition is the 
possibility of detonation. Detonations and thermal explosions have been en- 
countered throughout the development of hydrazine as a propellant, and one of 
the obstacles to its early use was adequate demonstration of detonation-free 
behavior under operational circumstances. 
attributed to reaction of the vapor, and suitable control of the vapor phase 
decomposition was a major objective of much of the effort. 
The explosions were generally 
It is indeed likely that hydrazine explosionsare initiated in the gaseous 
phase. Liquid hydrazine is very insensitive to impact and friction. Standard 
tetryl booster charge failed to induce detonation. 
by a vigorous initiator, and ballistic mortar tests showed that hydrazine 
possessed 135 percent of the strength of TNT. Spark sensitivity is reported 
to be several joules, depending on the degree of confinement, with only partial 
decomposition of the hydrazine, 
Initiation may be achieved, 
Hydrazine vapor is considerably more hazardous than the liquid. Pure 
vapor or mixture with other gases will propagate spark-initiated detonation if 
the composition is within the inflammability limits. According to the Bureau 
of Mines (22), explosion may take place at 84'F (vapor pressure of 12 mm) with 
pure vapor, but no observable decomposition of remaining liquid hydrazine occurs 
of liquid contribution is uncertain. 
-13- 
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From t h e  evidence,  i t  seems reasonable  t o  a s c r i b e  t h e  h ighe r  hazard 
of hydraz ine  vapor p r i n c i p a l l y  t o  i t s  a b i l i t y  t o  propagate  de tona t ion .  Fu r the r ,  
t h e  re la t ive rates of t h e  normal homogeneous and heterogeneous r e a c t i o n s  s t r o n g l y  
suggest  t h a t  c a t a l y t i c  i n i t i a t i o n  a t  some po in t  on t h e  w a l l s  of t h e  system would 
p resen t  t h e  g r e a t e s t  hazard .  Catalyt ic  i n i t i a t i o n  a t  t h e  l i qu id -wa l l  i n t e r f a c e  
would be  p o s s i b l e ,  but  u n l i k e l y  t o  r e s u l t  i n  a r e a c t i o n  o t h e r  than  normal decom- 
p o s i t i o n .  
The a b i l i t y  of t h e  l i q u i d  t o  damp an  exp los ive  r e a c t i o n  might be t h e  r e s u l t  
of t h e  l a r g e  h e a t  of vapor i za t ion  of hydraz ine .  It i s  a requirement f o r  explos ion  
t h a t  h e a t  be produced f a s t e r  t h a n  i t  i s  d i s s i p a t e d  t o  t h e  sur roundings .  The hea t  
l i b e r a t e d  i n  exp los ion  of l i q u i d  hydrazine i s  probably on t h e  o rde r  of 23 kcal /mol ,  
only about  t w i c e  t h e  h e a t  of vapor iza t ion .  A l i q u i d ,  having many molecules i n  
c l o s e  proximity,  could d i s s i p a t e  combustion hea t  more e f f e c t i v e l y  by t r a n s f e r  t o  
ad jacen t  molecules as h e a t  of vapor i za t ion  and i n c r e a s e  i n  l i q u i d  en tha lpy .  
hea t  t r a n s f e r  i s  a c r i t i c a l  parameter i s  f u r t h e r  demonstrated by t h e  f a c t  t h a t  
d i l u t i o n  of hydrazine vapor by a n  iner t  gas  reduces inf lammabi l i ty  and explos ion  
hazard .  No d i r e c t  experimental  i n v e s t i g a t i o n  of random hydraz ine  de tona t ions  i s  
known. 
That 
- 14- 
I11 E l e c t r o l y t e s  
A .  General Requirements 
The e l e c t r i c a l  conduc t iv i ty  of pure hydrazine i s  ve ry  low (- 2.5 x 
mho cm-l @ 25OC; Reference 2 3 ) ,  and it  is  probable t h a t  a c e r t a i n  amount of a n  
e l e c t r o l y t e  must be p re sen t  t o  provide a l i q u i d  s u f f i c i e n t l y  conduct ive t o  provide 
r easonab le  rate of e l e c t r o l y s i s .  Commercial hydrazine i s  not pure hydrazine,  i t  
should be noted,  and acco rd ing ly  some conduc t iv i ty  i s  g e n e r a l l y  a v a i l a b l e  i n  t h e  
usua l  p r o p e l l a n t .  D e f i n i t i o n  of t he  r equ i r ed  c o n d u c t i v i t y  must f o l l o w  from 
s p e c i f i c  mission requirements ,  as w i l l  be d i scussed  later. 
There are s e v e r a l  g e n e r a l  requirements f o r  s e l e c t i o n  of a n  e l e c t r o l y t e :  
1. There should be no abnormal e l e c t r o l y s i s  products  under ope ra t ing  
c o n d i t i o n s ,  i .e.  a gaseous mixture  of composition N2/2H2 should be 
obtained e x c l u s i v e l y .  
2 .  The e l e c t r o l y t e ,  o r  any of i t s  decomposition products  under o p e r a t i o n a l  
c o n d i t i o n s ,  should not adversely a f f e c t  t h e  o p e r a t i o n  of t h e  c a t a l y t i c  
hydrazine t h r u s t e r s .  
3 .  The c o n d u c t i v i t y  of t he  e l e c t r o l y t e  s o l u t i o n  must be high enough t h a t  
only very small amounts ( less than  1%) need by added, t o  avoid con- 
s i d e r a b l e  e f f e c t s  o n  prope l l an t  chemical,  p h y s i c a l ,  o r  b a l l i s t i c  
p r o p e r t i e s .  
4 .  The s o l u b i l i t y  of t h e  e l e c t r o l y t e  must be s u f f i c i e n t  t h a t  it remain 
i n  s o l u t i o n  throughout the mission.  
B. Conduct ivi ty  Requirements 
The d e s i r e d  c o n d u c t i v i t y  of t he  hydrazine s o l u t i o n  i s  a t t a i n a b l e  by 
v a r i a t i o n  of t h r e e  parameters, as can be shown as fo l lows .  Consider a p a i r  of 
e l e c t r o d e s ,  each of area A ,  sepa ra t ed  by a d i s t a n c e  L and a t  a p o t e n t i a l  d i f -  
f e r e n c e  of E .  Then, by Ohm's Law, 
E = p o t e n t i a l  d i f f e r e n c e ,  v o l t s  
R = r e s i s t a n c e ,  ohms 
K = s p e c i f i c  conductance ( l / s p e c i f i c  r e s i s t a n c e )  
1 = c u r r e n t ,  ( cou l / sec )  (amps) 
The number of mols of gas  generated p e r  second i s  d i r e c t l y  r e l a t e d  t o  t h e  
c u r r e n t  passed. I n  t h e  case  of hydrazine e l e c t r o l y s i s ,  
-15- 
so  t h a t  A 
3 E K (x) 
4 (96 , 500) a 
31 
4 (9 6 , 500) Mols gas / sec  = 
Hence,for a g iven  ce l l  geometry, t h e  gas  gene ra t ion  rate may be  ad jus t ed  
by changing t h e  a p p l i e d  vo l t age ,  the  s p e c i f i c  conductance of t h e  s o l u t i o n ,  o r  t h e  
e l e c t r o d e  area. The e l e c t r o d e  area i s  obviously d i f f i c u l t  t o  d e f i n e ,  p a r t i c u l a r l y  
when a wick i s  employed, and i n  p r a c t i c e  t h e  e f f e c t i v e  va lue  of t h e  term (A) would 
b e  determined empi r i ca l ly  by cu r ren t  measurements wi th  s o l u t i o n s  of known E. 
of K have been e s t a b l i s h e d  f o r  a number of r e f e r e n c e  salt  s o l u t i o n s .  
Values 
C .  E l e c t r o l y t e  I n v e s t i g a t i o n s  
A number of p o s s i b l e  e l e c t r o l y t e s  were considered,  and experimental  s t u d i e s  
conducted on several of them. Table I11 l i s t s  t h e  p o s s i b i l i t i e s ,  a long  with some 
g e n e r a l  remarks on t h e i r  s u i t a b i l i t i e s .  The most promising w a s  t h e  o x a l a t e .  It 
w a s  thought  d e s i r a b l e  t o  avoid underoxidized carbonaceous compounds, such as tetra- 
methylammonium hydroxide,  because of t h e  p o s s i b i l i t y  of coking i n  t h e  c a t a l y s t  bed 
of t h e  l i q u i d  engine.  
TABLE I11 
E l e c t r o l y t e s  f o r  Hydrazine 
E l e c t r o l y s i s  
E lect  r o l y  t e  
Oxala te  
Formate 
Nitrate  
Carbonat e 
S u l f a t e  
Tetramethylammonium Hydroxide 
Remarks 
Should g i v e  v o l a t i l e  carbonaceous products  
Less oxid ized  than o x a l a t e  
Has been used i n  c a t a l y t i c  engines ;  may 
g i v e  co r ros ion .  
L ike ly  p rope l l an t  contaminant;  complex 
r e a c t i o n  with hydraz ine .  
May be a c a t a l y s t  poison 
V o l a t i l e  (no s o l i d  r e s i d u e ) ;  might g ive  
carbon depos i t i on ;  s t o r a g e  s t a b i l i t y  
ques t ionab le .  
-16- 
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The hydrazine employed i n  t h e  experiments  w a s  analyzed both  by t h e  
procedure descr ibed  i n  MIL-P-26536B (Reference 29) and by another  v a r i a t i o n  of 
t h e  d i r e c t  i o d a t e  ox ida t ion  method which h a s  been desc r ibed  by t h e  Walter Kidde 
Company ( 3 0 ) .  Equiva len t  r e s u l t s  were obta ined  from t h e  two procedures;  t h e  
Walter Kidde Company method gave 99.2 
method gave 99.2 2 0.2% hydrazine.  
0.4% hydraz ine  wh i l e  t h e  MIL-P-26536B 
Four samples  were analyzed by each method. 
These r e s u l t s  i n d i c a t e  t h a t  t h e  hydraz ine  employed conta ined  con- 
s i d e r a b l y  less water than  t h e  2.5% allowed by MIL-P-26536BY and i s  i n  t h e  
neighborhood of t h e  0.5% water t y p i c a l l y  found i n  unopened drums. (?:; 
Analyses were a l s o  conducted f o r  i o n i c  contaminants .  Informat ion  on t h e  
i d e n t i t y  of p o s s i b l e  i o n i c  impur i t i e s  i n  hydraz ine  produced by the  O l i n  Matheson 
Chemical Corpora t ion  i n d i c a t e d  t h a t  Na+ and C 1 -  were t h e  major i no rgan ic  contami- 
nan t s .  absorbed from t h e  a i r  might form 
carbonates  i n  s o l u t i o n  and thus  c o n t r i b u t e  t o  t h e  conduc t iv i ty  of t h e  hydrazine.  
Q u a l i t a t i v e  tests were t h e r e f o r e  c a r r i e d  ou t  t o  determine whether s i g n i f i c a n t  
q u a n t i t i e s  of t h e s e  c o n s t i t u e n t s  were p resen t  i n  t h e  hydrazine employed i n  t h e  
e l e c t r o l y s i s  experiments.  
It was a l s o  deemed l i k e l y  t h a t  CO 2 
a .  T e s t  f o r  Chlor ide:  
s o l u t i o n  conta in ing  2 m l .  hydraz ine ;  no d e t e c t a b l e  c loud iness  
r e s u l t e d .  It i s  the re fo re  concluded t h a t  no more than  10 
parts p e r  m i l l i o n  c h l o r i d e  could be p r e s e n t  i n  t h e  hydraz ine .  
One m l  5% AgN03 w a s  added t o  a n i t r i c  a c i d  
b. Test f o r  Carbonate: Two m l .  of hydrazine and 50 m l .  of a 
s o l u t i o n  of 1WL Ba(OH), i n  water were mixed. No d i s c e r n i b l e  
c loudiness  of t h e  s o l u t i o n  r e s u l t e d .  Only 10'7g CO would be 
s o l u b l e  i n  the  so lu t ion .  
more than  30 parts p e r  m i l l i o n  of carbonate  w a s  p re sen t  i n  
t h e  hydraz ine .  
It w a s  t h e r e f o r e  conclude2 t h a t  no 
P r e p a r a t i v e  procedures:  Dihydrazinium o x a l a t e ,  (N2H ) C 0 was 
2 2 . 2 '  prepared by a d d i t i o n  of excess  hydrazine t o  a s o l u t i o n  of o x a l i c  ac i  
The r e s u l t i n g  precipi ta te  was washed wi th  a b s o l u t e  methanol,  d i s so lved  i n  w a r m  
water, r e p r e c i p i t a t e d  with a b s o l u t e  methanol,  and vacuum-dried. 
reagent  grade  formic a c i d  i n  water: a6dding tge s t o i c h i o m e t r i c  quant icy  of 
hydraz ine ,  and r e c r y s t a l l i z i n g  the  product from anhydrous i sopropanol .  
i n  methanol.  
i+ Hydrazinium di formate ,  (N H ) (HCO-)2, w a s  prepared by d i s s o l v i n g  
+ Hydrazinium n i t r a t e ,  N2H NO; , w a s  ob ta ined  by d i s s o l v i n g  r e q e n t - g r r . d e  
NH NO 
product from absol t t te  methanol. 
i n  hydraz ine ,  warming to  r 2 lease t h e  ammonip., and r e c r y s t n l l i z i n g  t-hc 4 3  
The melting points of the above sa les  were in accordance with literature 
values. 
The tetramthylammuium hydroxide was the EKC Technical Grade, 10% 
aqueous solution. 
-17- 
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S p e c i f i c  conductances of four  e l e c t r o l y t e s  i n  hydrazine were determined. 
The r e s u l t s  are presented  i n  Table  I V  and F igu re  2 .  A t  t h e  t i m e  of measurement 
i t  had been thought  t h a t  low vol tages  would be r equ i r ed  t o  prevent  e l e c t r o d e  
co r ros ion ,  s o  t h e  range of conductance i s  somewhat h ighe r  than  i s  now of g r e a t e s t  
i n t e r e s t .  The d a t a  do i n d i c a t e ,  however, t h a t  a l l  of t h e s e  materials provide 
good conduc t iv i ty  and are p o t e n t i a l l y  u s e f u l .  
as t h e  t o t a l  amount of material t h a t  would have t o  be added t o  hydrazine r a t h e r  
t han  as t h e  hydrazinium sal t .  Th i s  expres s ion  i s  thought  more meaningful i n  terms 
of performance and s i g n i f i c a n c e  t o  the c a t a l y t i c  engines .  
Note t h a t  concen t r a t ion  i s  expressed 
The s to i ch iomet ry  of t h e  e l e c t r o l y s i s  process  i n  o x a l a t e  s o l u t i o n s  w a s  
es t imated  by orsat a n a l y s i s  of gas  samples from high  p res su re  bomb experiments 
(See S e c t i o n  V I I - B )  48 and 49,both of which used 0.5% o x a l i c  a c i d  e l e c t r o l y t e  
and g r a p h i t e  anodes.  
experiment 49 used an  aluminum cathode. The r e s u l t s  were: 
Experiment 48 used a 304 s t a i n l e s s  s tee l  cathode and 
Experiment 48 Ex pe  r i m e  n t 49 
H 2 ,  %(V) 60.7 64.5 
N 2 ,  %(VI 39.3 35.5 
These r e s u l t s  are suspec t  because n e i t h e r  experiment gave t h e  expected 
66.7% H2 and 33.3% N 2 .  The pressure  bomb used i n  t h e s e  experiments has  had a 
h i s t o r y  of chronic  leakage which i s  due t o  a bad seal  des ign .  Hydrogen has  a 
much h ighe r  leakage rate than  n i t rogen  so t h a t  leakage would r e s u l t  i n  a low 
hydrogen a s say .  
0 
Two yea r s  ago, i n  a Hughes I R  & D program, samples  of gas  from e l e c t r o l y s i s  
of commercial hydraz ine ,  wi th  and without added hydrazine n i t r a t e  e l e c t r o l y t e ,  w e r e  
analyzed by a n  independent l abora to ry  (Truesda i l )  and found t o  con ta in  between 
66.0 and 66.4% hydrogen. 
oppor tun i ty  t o  sample  gas  w i l l  a r i s e  dur ing  t h e  Task V t es t s ,  i t  w a s  decided not 
t o  rework t h e  l abora to ry  hardware f o r  f u r t h e r  ana lyses  dur ing  Task V. 
I n  view of t h i s  f a c t  and a l s o  t h a t  a n o t h e r , b e t t e r  
A s  a r e s u l t  of t h e  e l e c t r o l y t e  i n v e s t i g a t i o n s ,  o x a l a t e  w a s  s e l e c t e d  f o r  
u se  i n  t h e  developmental  model ce l l  of Task V .  
-18- 
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TABLE I V  
ELECTROLYTE CONDUCTIVITIES I N  HYDRAZINE 
ADDITIVE 
Oxalic Acid 
Formic Acid 
Nitric Acid 
Tetramethyl-ammonium 
Hydroxide 
WEIGHT % 
OF ADDITIVE 
0.196% 
0.827 
1.046 
1.965 
5.804 
0.473 
1.245 
3.13 
0.565 
1.65 
4.97 
9.94 
0.527 
1.58 
S PEC IF I C  
CONDUCTIVITY, 
MHOS CM" 
30. 
51. 
110, 
180.. 
410. 
15. 
23. 
38. 
98. 
250. 
620. 
1060. 
29. 
73. 
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FIGURE 2 
S P E C I F I C  CONDUCTANCE OF SOLUTIONS 
OF VARIOUS ADDITIVES I N  HYDkAZINE 
AS A FUNCTION OF CONCENTRATION 
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I V  E lec t rode  Materials 
The p r i n c i p a l  c r i t e r i o n  f o r  e l e c t r o d e  s e l e c t i o n  i s  t h a t  t h e  material employed 
not  cor rode  under t h e  cond i t ions  of e l e c t r o l y s i s .  I n  a d d i t i o n ,  s t r u c t u r a l  s t a b i l i t y  
i s  needed. Metals are  good s t r u c t u r a l  materials, but  a l l  metals w i l l  d i s s o l v e  a t  
the  anode a t  s u f f i c i e n t l y  h igh  impressed vo l t age .  
v o l t a g e  and e l e c t r o l y t e  concent ra t ion  which w i l l  produce s u f f i c i e n t l y  r a p i d  
e l e c t r o l y s i s  a t  a p o t e n t i a l  below t h e  t h re sho ld  f o r  e l e c t r o d e  a t t a c k .  
a minor amount of co r ros ion  might have no apprec iab le  e f f e c t  on t h e  e l e c t r o l y s i s  
process ,  t h e  p o s s i b l e  concomitant genera t ion  of p a r t i c u l a t e  matter o r  trace 
amounts of metallic ions  could conceivably a f f e c t  t h e  c a t a l y t i c  engines  i n  t h e  
d u a l  mode hydrazine system. 
The problem i s  t o  select a 
Although 
A number of metals were t r i e d ,  but  none w a s  e n t i r e l y  s a t i s f a c t o r y .  S t a i n l e s s  
steels,  gold ,  platinum, and s i l v e r  a l l  showed apprec iab le  co r ros ion ,  a l though 
s i l v e r  w a s  found usable  under r e s t r i c t e d  cond i t ions .  
The most attractive anode candida tes  w e r e  g r a p h i t e s  and carbons.  These 
materials gave no measurable cor ros ion  a t  p o t e n t i a l s  up t o  28 v o l t s .  i .e .  
up t o  t h e  o rd ina ry  spacec ra f t  bus vol tage.  The problem t o  be reso lved  wi th  
t h e s e  materials i s  s t r u c t u r a l  s t a b i l i t y .  It i s  a n t i c i p a t e d  t h a t  molded materials 
w i l l  be  p r e f e r r a b l e  t o  ex t ruded ,  f o r  s t r u c t u r a l  reasons.  Graphi tes  are easier 
t o  machine and less b r i t t l e  than  carbon. S ince  metall ic co r ros ion  occurred only 
a t  t h e  anode, t h e r e  i s  no reason  t o  use  a carbon o r  g r a p h i t e  cathode,  and t h e  
ca thod ic  material of choice  w i l l  be a metal such as s t a i n l e s s  steel  o r  aluminum. 
E l e c t r o d e  materials s t u d i e s  took t h e  form of cu r ren t -vo l t age  measurements, 
e l e c t r o d e  weight change de termina t ions ,  and v i s u a l  obse rva t ions  of t h e  e l e c t r o d e s .  
A series of l a b o r a t o r y  glassware experiments were fol lowed by i n v e s t i g a t i o n s  i n  
t h e  h i g h  p res su re  bomb (descr ibed  below under C o n t r o l l a b i l i t y ) ,  S e c t i o n  VII. 
Details of t h e  experiments follow. 
a 
S e r i e s  A 
C e l l :  ( 2  cm x 5 cm) s t a i n l e s s  steel  e l e c t r o d e s  
Wick: Glass Clo th  
E l e c t r o l y t e s  : (1) 0.5% dihydrazinium o x a l a t e  
0.8% H 0 ( a l r eady  p resen t )  
0.8% H20 ( a l r e a d y  p resen t )  
2 
( 2 )  0.5% hydrazinium n i t r a t e  
(3) 0.3% tetramethylammonium hydroxide 
3.4% H 0 (TMAH added as aqueous s o l u t i o n )  2 
P o t e n t i a l  : 4 v o l t s .  
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Resu l t s :  The ind ica t ed  e l e c t r o l y t e  comparisons were s e l e c t e d ,  on t h e  
b a s i s  of some pre l iminary  runs ,  t o  give about  100 m a  c u r r e n t .  The r e s u l t s  were 
not  as a n t i c i p a t e d ,  however, i n  t h a t  e r r a t i c  changes i n  c u r r e n t  were observed 
f o r  t he  o x a l a t e  and n i t r a t e  so lu t ions  over a per iod  of more than f i f t y  hours  
of e l e c t r o l y s i s ,  and t h e  s o l u t i o n s  gave c u r r e n t s  d i f f e r i n g  cons iderably ,  i n  t h e  
o rde r  o x a l a t e  > hydroxide > n i t r a t e .  The c u r r e n t s  were i n  t h e  10-200 m a  range .  
Late i n  t h e  experiments ,  some b lack ,  non-adherent d e p o s i t  w a s  observed on the  
cathode. The amount of d e p o s i t  was  roughly p ropor t iona l  t o  t h e  c u r r e n t .  
S e r i e s  B 
C e l l :  A s  i n  A 
Wick: Glass Paper 
E l e c t r o l y t e :  Dihydrazinium oxa la t e ,  5% and 10% 
Hydrazinium formate, 5% and 10% 
P o t e n t i a l  : 2-3 v o l t s  
Resu l t s :  This  series was run concur ren t ly  wi th  Series A .  The 
c u r r e n t s ,  i n  l i n e  w i t h  t h e  concent ra t ions ,  were i n  t h e  0.5 - 1.0 amp range ,  
i .e .  a n  o r d e r  of magnitude g r e a t e r  than i n  Series A .  
a p p e a r  a f t e r  about  a day ' s  opera t ion .  
way t o  dryness ,  i .e .  s t eady  c u r r e n t ,  f a l l i n g  r a p i d l y  t o  ze ro  a t  dryness .  
A b lack  d e p o s i t  began t o  
Smooth o p e r a t i o n  w a s  observed a l l  t h e  
0 
S e r i e s  C 
This  series w a s  i n i t i a t e d  t o  determine whether appearance of t h e  b lack  
d e p o s i t  w a s  r e l a t e d  t o  t h e  n a t u r e  of t h e  pre- t rea tment  of t h e  e l e c t r o d e s .  
C e l l :  S m a l l  g l a s s  v i a l s ,  wi th  e l e c t r o d e s :  
(1) 304 s t a i n l e s s  s t e e l  s c reen ,  degreased 
( 2 )  
( 3 )  A s  ( 2 ) ,  followed by HF p ick l ing .  
( 4 )  304 s t a i n l e s s  shim s tock ,  degreased only.  
A s  ( l ) ,  followed by HN03 wash. 
Wick: None 
E l e c t r o l y t e :  5% dihydrazinium o x a l a t e  
P o t e n t i a l :  2-3 v o l t s  
Resu l t s :  A l l  gave some d i s c o l o r a t i o n  i n d i c a t i v e  of co r ros ion .  It was  
apparent  t h a t  p re- t rea tment  of t h e  e l e c t r o d e s  w a s  not  a f a c t o r  i n  co r ros ion .  
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S e r i e s  D 
The o b j e c t i v e  of t h i s  s e r i e s  was t o  determine t h e  t h r e s h o l d  v o l t a g e  f o r  
c o r r o s i o n  of s t a i n l e s s  steel  e l e c t r o d e s .  
C e l l :  A s  i n  C 
Wick: None 
E l e c t r o l y t e :  5% dihydrazinium o x a l a t e  
P o t e n t i a  1 : 2.4 - 6.5 v o l t s  
Resu l t :  Some co r ros ion  w a s  observed du r ing  t h e  f i r s t  day of e l e c t r o l y s i s .  
Because t h e  above experiments,  c a r r i e d  ou t  a t  p o t e n t i a l s  of two o r  more v o l t s ,  
showed c o r r o s i o n  of s t a i n l e s s  steel  anodes and partial r e p l a t i n g  of t h e  d i s s o l v e d  
metal as a b lack ,  amorphous, non-adherent d e p o s i t i o n  on o r  nea r  t h e  cathode,  
approximate t h r e s h o l d  v o l t a g e s  f o r  e l e c t r o l y s i s  were determined f o r  s t a i n l e s s  
steel  and nobler  metals, with t h e  r e s u l t s  t a b u l a t e d  below. 
Metal E l e c t r o l y s i s  Threshold Voltage 
S t a i n l e s s  
Gold 
Platinum 
0.4 - 1.4 
1.4 
0.5 
Cor ros ion  w a s  observed a t  t h e  th re sho ld  v o l t a g e  i n  a l l  c a s e s .  The c o r r o s i o n  w a s  
q u a l i t a t i v e l y  less f o r  t h e  gold and platinum. 
carbon e l e c t r o d e s  were then removed from s e v e r a l  o rd ina ry  d r y  cel ls .  These 
e l e c t r o d e s  funct ioned w e l l  a t  s eve ra l  v o l t s  without  obvious co r ros ion .  Threshold 
v o l t a g e  w a s  0.5 t o  0.7 v o l t s .  There was, however, cons ide rab le  mechanical 
a t t r i t i o n  on o p e r a t i o n  a t  high c u r r e n t  d e n s i t i e s ,  a p p a r e n t l y  caused by gas  bubble 
fo rma t ion  i n  t h e  r a t h e r  porous su r face  l a y e r .  
I n  sea rch  f o r  a new anode material, 
G r a p h i t e  spectrograph e l e c t r o d e s  were much b e t t e r .  I n  a c e l l  w i th  two 1/4 inch  
d i ame te r  rods immersed t o  a depth of about  1 inch ,  a 0.2% o x a l a t e  s o l u t i o n  w a s  
e l e c t r o l y z e d  a t  28 v o l t s .  The c u r r e n t  was l a r g e ,  a maximum of 1.15 amperes du r ing  
t h e  t i m e  i t  took t o  e l e c t r o l y z e  completely t o  dryness .  No abnorma l i t i e s  w e r e  ob- 
served and t h e  e l e c t r o d e s  were i n  good c o n d i t i o n  a t  t h e  end of t h e  experiment;  
only a few mil l igrams of material was l o s t  by a t t r i t i o n  even though g r a p h i t e  i s  
e a s i l y  abraded.  
A second c e l l  w a s  assembled with a carbon rod anode and 304 S.S. cathode. 
With a reduced e l e c t r o l y t e  concen t r a t ion  of 0.05% t h e  c e l l  operated a t  a n  e q u i l i -  
brium c u r r e n t  of about 300 m a  and was a l s o  s u c c e s s f u l l y  r u n  t o  dryness .  The 
s t a i n l e s s  cathode showed no evidence of d i s c o l o r a t i o n  and t h e  anode was  i n t a c t .  
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FollowiDg t h e  encouraging r e s u l t s  with g r a p h i t e ,  a number of g r a p h i t e  
and carbon materials were eva lua ted ,  inc luding:  
Materia 1 Des igna t ion  Desc r ip t ion  
EH 
3499 
9429 
580 
9 139 -PCI 
9326 
890 
S o f t  Graph i t e  
Medium Hard Graphi te  
Hard Graph i t e  
Spec t roscop ic  Grade Graph i t e  
P y r o l y t i c  Carbon Impregnated 
Very f i n e  gra ined  g r a p h i t e  
Carbon 
Graph i t e  
A l l  of t h e  above materials are molded, which should provide  g r e a t e r  r e s i s t a n c e  
t o  shedding of particles du r ing  e l e c t r o l y s i s  t han  t h e  ex t ruded  materials. The 
tests completed are summarized i n  Table I V .  T e s t  c o n d i t i o n s  were: 
E l e c t r o d e s  t e s t e d :  2 pairs of EH g r a p h i t e  ( s o f t )  
1 p a i r  of 3499 g r a p h i t e  (medium hard)  
1 p a i r  of 9429 g r a p h i t e  (hard) 
E l e c t r o l y t e :  None 
P o t e n t i a l  : 14 v o l t s  
Temperature: 20°C (68OF) 
T e s t  Duration: 5 days 
I TABLE V I  EVALUATION OF GRAPHITE ELECTRODES I 
Type of g r a p h i t e  
(S p e e r  des igna t ion )  
and r e l a t i v e  hardness  
P o l a r i t y  of 
E lec t rode  
Weight 
Change* 
EH ( s o f t )  
EH 
EH 
EH 
3499 (Medium Hard) 
3499 
9429 (Hard) 
9429 
+5.2 mg 
+0.9 
+13.1 
+1.3 
+6.4 
+3.8 
-0.2 
-0.9 
* T o t a l  weight immersed e l ec t rodes  about  1.1 gram. 
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V i s u a l  examination a t  t h e  end of t he  test showed no i n d i c a t i n g  of e l e c t r o d e  
a t t a c k .  The weight changes of t h e  e l e c t r o d e s  were very small and d id  not 
i n d i c a t e  weight loss f o r  t h e  anodes,  as would be expected i f  e l e c t r o d e  
a t t a c k  had occurred.  The small weight g a i n s  are i n  most c a s e s  w i t h i n  t h e  
e r r o r s  of measurement. It i s  poss ib l e  t h a t  some weight g a i n  may be due t o  
absorbed hydrazine which was not removed by t h e  24 hour baking per iod i n  
a vacuum oven p r i o r  t o  f i n a l  weighting. 
A s  a r e s u l t  of t h e  e l e c t r o d e  i n v e s t i g a t i o n s ,  g r a p h i t e  anodes and e i t h e r  
304 s t a i n l e s s  steel o r  aluminum cathodes w i l l  be employed i n  Task V. 
-25- 
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V . Power Requirements 
Any propulsion system which requires electrical energy for operation may,. 
as a result, suffer a weight penalty, It is appropriate to analyze the hydrazine 
electrolysis power requirements in terms of the specific mission under 
consideration. 
As mentioned previously, under practically all conditions, hydrazine is 
electrolyzed directly to the elements: 
> N + 2H2 2 N2H4 + 4 Faradays 
On converting Faradays per mol t o  ampere-hour per pound, it is found that 
the requirement is 1521 amp-hourllb or, in terms of useful total impulse: 
1521 amp-hrs’lb = 12.2 amp-hrs/lb-sec. 
125 sec. 
This may be interpreted in terms of the requirements of the mission, The original 
mission profile allocated the following total impulse for cruise mode (the only 
requirement for gas thrust with the -dual ‘niode hydrazine system): 
1600 lb-sec. cruise attitude control 
140 lb-sec. gas leakage 
230 lb-sec. share of cross coupling in 3600 lb-sec. system 
- 10 lb-sec. residual gas at end of mission 
Total 1980 lb-sec. 
The allocation for residual gas was based on a liquid volume of 3.22 liters 
of propellant consumed by the catalytic engines which must be replaced by an 
equal volume of gas at a minimum system pressure of 90 psia. 
6.12 atm x 3.22 A ax- x 125 lb-sec. = 7 Ib-sec. 
.08205 x 298OK Mol 454 g lb 
This calculation is based on the 3600 total lb-sec. system. The larger 5200 
lb-sec system would require a slightly larger volume (an additional 3.16 liters). 
A nominal allocation of 10 lb-sec. applies to either system within the accuracy 
of the following calculation. 
For a total mission time of 9720 hours the continuous current is calculated as 
12.2 amp-hrs/lb sec. x 1980 lb-sec. 
9720 hours = 2.49 amps continuous 
-26- 
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The above requirement was based on the allocation made originally for Ranger 
and Mariner. Performance of the latter two spacecraft has indicated the 
allocation was conservative and an assumption of one impulse bit in each axis 
every half-hour might be more nearly correct. In that case, for 4 thrusters 
firing simultaneously in each of three axes with an impulse bit each of 1.6 x 
lb-sec., the total requirement for a 9720 hour mission is: 
9720 x 4 x 3 x 2 x 1.6 x = 373 lb-sec. 
Then the total for the mission would be: 
373 lb-sec. cruise attitude control 
140 lb-sec. gas leakage 
30 lb-sec. share of cross coupling 
- 10 lb-sec. residual gas 
Total 543 lb-sec. 
= 0.68 ampere, continuous 12.2 amp hours/lb sec. x 543 lb-sec. 9 7 20 hours 
Actually, the latter requirement is also thought to be conservative since it is 
likely that Mariner did not limit cycle as often as every half hour (based on 
gas supply and mission duration). Further, future spacecraft may well have 
more sophisticated control logic which will allow further reduction in impulse. 
0 
The power consumption rate depends on the voltage at which the cell is operated. 
Since it has been shown that a given cell may be operated at ordinary spacecraft 
bus voltage as well as the minimum voltage required for electrolysis, more than 
one operating mode must be considered. 
Three possible voltages are considered here: 
(1) One volt -- the probable lowest desirable voltage 
(2) Two volts -- conservative low voltage operation 
(3 )  Twenty-eight volts - nominal bus voltage. 
The power required is shown in Table V I I .  
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! I V  ! 
.+. * jl _ -  .---- ~ .- - . 
Very c o n s e r v a t i v e  1980 l b - s e c .  (from 2 .5  
o r i g i n a l  miss ion)  
I I - - _ _  - __ 
Conserva t ive  543 lb - sec .  (from l a t e r  0 .7  
estimate). 
TABLE VI1 
Continuous Power f o r  Space 
Probe Mission 
2v 2 8 V  
-.---I."-.-- -.--I_ . ..I_^ __1 
5 70 
__ - . - -  
1.3 19 
It should  be noted t h a t  i n c r e a s i n g  vo l t age  above the  minimum r e q u i r e d  t o  i n i t i a t e  
e l e c t r o l y s i s  i s  not  of d i r e c t  b e n e f i t  inasmuch as gas  product ion  i s  r e l a t e d  only  
t o  t h e  c u r r e n t  passed.  Any excess  vo l t age  (over  about 0 . 5  - 0.75V) appears as 
a n  o r d i n a r y  ohmic drop and t h e  power i s  d i s s i p a t e d  as h e a t .  Th i s  h e a t  h a s  no t  
proved t o  be  troublesome i n  ou r  work t o  d a t e .  
Opera t ing  d i r e c t l y  from unregu la t ed  s p a c e c r a f t  v o l t a g e  does have t h e  advantage 
t h a t  no power cond i t ion ing  equipment i s  r equ i r ed  and t h e  system w i l l  be  some- 
what s i m p l e r  and more r e l i a b l e .  The power shown i n  Table  V I 1  f o r  28 V i s  
a p p r e c i a b l e ,  a l though perhaps t o l e r a b l e  i n  a l a r g e  s p a c e c r a f t .  A l s o ,  as noted 
above, mi s s ion  requi rements  may prove t o  be less than  t h e  p re sen t  estimate. 
Opera t ion  a t  o t h e r  t han  bus v o l t a g e  r e q u i r e s  DC t o  DC power convers ion .  Th i s  
may be accomplished by l i gh twe igh t  and q u i t e  r e l i a b l e  s o l i d - s t a t e  dev ices .  One 
v o l t  should  be accep tab le  s i n c e  no no t i ceab le  c u r r e n t  decay wi th  t i m e  has  been 
noted  i n  t h e  exper imenta l  work t o  d a t e .  Two v o l t s ,  however, would a l l o w  an  
a d d i t i o n a l  margin of s a f e t y  wi th  l i t t l e  a d d i t i o n a l  power l o s s .  
It  w i l l  be  t h e  g o a l  of t h e  Task V i n v e s t i g a t i o n  t o  make a c e l l  which w i l l  o p e r a t e  
e q u a l l y  w e l l  throughout  t h e  i n d i c a t e d  range.  
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a '1 
V I  W i c  king Materia 1 s 
Under low o r  zero-g c o n d i t i o n s ,  i t  i s  necessary  t o  provide means t o  assure 
c o n t a c t  of t h e  e l e c t r o d e  su r faces  with t h e  hydrazine.  The most obvious technique 
i s  by means of a wick. For  t h e  mission under cons ide ra t ion ,  t h e  rate of f l u i d  
t r a n s p o r t  only need by very  small (of t h e  o rde r  of 0.15 g /h r .  f o r  f o u r  t h r u s t e r s  
a c t i n g  s imultaneous1 i n  each of t h ree  axes  twice p e r  hour ,  w i t h  each t h r u s t e r  
d e l i v e r i n g  1 . 6  x loe3 l b - sec .  t o t a l  impulse) , so  h igh ly  e f f i c i e n t  wicking a c t i o n  
i s  not  mandatory. Faster wicking may be r equ i r ed  f o r  o t h e r  mission,  however, s o  
one c r i t e r i o n  f o r  s e l e c t i n g  a wick i s  reasonably  r a p i d  a c t i o n .  I n  a d d i t i o n ,  i t  
i s  d e s i r a b l e  t o  have a material which i s  c o n s i s t e n t  i n  i t s  p r o p e r t i e s  and whose 
composition i s  w e l l  c o n t r o l l e d .  A wick must have phys ica l  p r o p e r t i e s  such t h a t  
i t  does not  contaminate t h e  p rope l l an t  wi th  s o l i d  matter. Any f i b r o u s  wick may 
be expected t o  gene ra t e  undes i r ab le  contaminat ion by mechanical a t t r i t i o n  of 
f i n e  particles.  This  i s  not  thought t o  be a severe problem, f o r  t h e  f i n a l  design 
may inc lude  a f i n e  mesh sc reen  sheath f o r  t h e  wick which w i l l  exclude p a r t i c l e s  
from t h e  main  tank .  
The use of f i b e r  o p t i c  s t r a n d s  € o r  wicking w a s  cons idered;  i t  w a s  concluded 
t h a t  t h i s  approach i s  not p a r t i c u l a r l y  promising. Such f i b e r s  are composed of 
two d i f f e r e n t  types  of g l a s s e s  i n  a core  and shea th  c o a x i a l  form. The two 
d i f f e r e n t  g l a s s e s ,  u s u a l l y  a b o r o s i l i c a t e  and a barium f l i n t  g l a s s ,  are s e l e c t e d  
s o l e l y  on t h e  b a s i s  of index  of r e f r a c t i o n  and not  f o r  improved phys ica l  p r o p e r t i e s .  
Consequen t ly , ' t he  unique c o n s t r u c t i o n  of t h e  f i b e r  o p t i c  i s  thought no t  t o  possess  
any p a r t i c u l a r  advantage over  a homogeneous g l a s s  f i l amen t .  Also,  it i s  doubt fu l  
t h a t  b e t t e r  wicking would be r e a l i z e d .  An a l i g n e d  bundle of paral le l  f i b e r s  might 
be more e f f i c i e n t  than random or woven f i b e r s  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  bu t  
would probably be i n f e r i o r  i n  t h e  t r ansve r se  d i r e c t i o n .  
0 
A number of kinds of m a t e r i a l s  were t e s t e d ,  i nc lud ing  g l a s s  c l o t h s  and 
b a t t i n g ,  g l a s s  f i b e r  p a p e r s ,  a sbes tos  f i l t e r s a n d  f e l t s ,  carbon c l o t h s ,  and 
f e l t s  made from s y n t h e t i c  f i b e r s .  One a l t e r n a t i v e ,  no t  i n v e s t i g a t e d  t o  d a t e ,  
i s  a porous ceramic wick. 
The experiments  i n d i c a t e d  t h a t  commercially a v a i l a b l e  g l a s s  c l o t h  materials 
are probably t h e  most s u i t a b l e  € o r  wicking i n  t h e  dua l  hydrazine system. The 
c l o t h  does not  wick as f a s t  as t h e  glass f i b e r  p a p e r  and g l a s s  f e l t s ,  but  has 
much b e t t e r  s t r u c t u r a l  i n t e g r i t y .  
A number of samples  of g l a s s  c lo th  were examined. These were e s s e n t i a l l y  
pure s i l i c a  material prepared by leaching of g l a s s  f i b e r s  t o  remove a l l  o t h e r  
components and leave a porous s t r u c t u r e .  The only  remaining ques t ion  concerning 
t h e s e  wicking materials w a s  t h e i r  compa t ib i l i t y  wi th  hydraz ine .  The r e s u l t s  of 
such i n v e s t i g a t i o n s  are g iven  under Compa t ib i l i t y  (Sec t ion  V I 1 1  below). 
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VI1 C t h i t r o l l a b i l i t y  of Hydrazine E l e c t r o l y s i s  
A .  Stoichiometry and Thermodynamics of E l e c t r o l y s i s  
e 
The decomposition of hydrazine i s  a n  exothermic process ,  and accord ingly  
t h e r e  i s  concern t h a t  a t  h igh  e l e c t r o l y s i s  rates enough h e a t  might be genera ted  
t o  cause a s e l f - s u s t a i n i n g  thermal  decomposition. A s  discussed  above, t h e  
evidence i s  t h a t  t h e  s to ich iometry  of e l e c t r o l y s i s  of nea t  hydrazine is: 
The hea t  from t h i s  r e a c t i o n  w i l l  n e c e s s a r i l y  be t o  some e x t e n t  d i s s i p a t e d  
by h e a t i n g  and v a p o r i z a t i o n  of t h e  undecomposed r e a c t a n t :  
If thermal  e q u i l i b r a t i o n  occurs,  t hen ,  t h e  hydraz ine  w i l l  be vaporized,  
and s i n c e  t h e  gas  cannot be  e l ec t ro lyzed ,  t h e  e l e c t r o l y s i s  process  i s  s e l f -  
l i m i t i n g  i n  normal ope ra t ion ,  and the temperature  of t h e  hydrazine could not  
r ise  above t h e  b o i l i n g  po in t .  
Normal ope ra t ion  of t h e  e l e c t r o l y s i s  c e l l  would l i k e l y  not  involve  much 
h e a t i n g  from e l e c t r o l y s i s ,  because t h e  amount of l i q u i d  e l e c t r o l y s i s  r equ i r ed  f o r  
p ropu l s ion  i s  very  small compared with t h e  t o t a l  amount of p rope l l an t  p re sen t .  
The abnormal c i rcumstances which must be  cons idered  inc lude  s h o r t i n g  of t h e  
e l e c t r o d e s  such as by means of a loose w i r e  b r idge  between e l e c t r o d e s .  In such 
a case, i f  t h e r e  were t r a n s i e n t  r e t e n t i o n  of t h e  hydrazine vapor i n  t h e  v i c i n i t y  
of t h e  e lec t r ic  c u r r e n t ,  i t  i s  conceivable  t h a t  superhea t ing  of t h e  vapor would 
t a k e  p l ace .  
a 
The composition of t h e  g a s  genera ted  by e l e c t r o l y s i s  and v a p o r i z a t i o n  i s  
of i n t e r e s t ,  f o r  t h e  greater t h e  d i l u t i o n  of t h e  N H (g) by t h e  decomposition 
products  t h e  more i n h i b i t e d  w i l l  be t h e  decomposition of t h a t  e n t i t y .  The 
g r e a t e s t  amount of gaseous hydrazine w i l l  be formed i f  through malfunct ion o r  
f o r  o t h e r  reason  t h e  e l e c t r o l y s i s  should be  cont inued t o  dryness .  The composition 
of t h e  gas  mixture  formed may be es t imated  by a s i m p l e  thermodynamic c a l c u l a t i o n  
f o r  t h e  process  : 
2 4  
N2H4 ( A ,  298'K)+(1 - X) N2H4 (g ,  T) + XN2 
where T i s  t h e  b o i l i n g  po in t  and X is  t h e  f r a c t i o n  
i s  a d i a b a t i c ,  t h e  AH f o r  t h e  above r e a c t i o n  may be 
(g ,  T) + 2x H 2  (g ,  0, 
decomposed. I f  t h e  process  
equated t o  ze ro ,  and hence: 
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From this equation and the JANAF Thermochemical Tables (24), it is found that 
at the normal boiling point (113.5OC) the gas forned will be about 20% N2H4 (g); 
at 500°K (440OF) it is 16% N2H4 (g). 
electrolysis conditions is unlikely for several reasons: 
It follows, then, that an explosive decomposition of hydraiine under 
(1) In normal operation, the electrolysis is inherently self-limiting 
because of the highly endothermic'vaporization. 
(2) The hydrazine vapor generated by heating from the electrolysis is 
necessarily diluted with significant quantities of non-reactive 
decomposition gases. 
(3)  In spacecraft application, only very small amounts of liquid need 
be electrdlyzed at any given time. 
(4) The pressure levels in the tank will be governed by the operational 
requirements of the catalytic thrusters, and need not be more than 
a few hundred psi. The boiling point of the liquid accordingly will 
probably not be high enough to initiate autodecomposition. 
B. Experimental Testing of Controllability 
Although the thermodynamic calculations are encouraging, the only 
reliable evidence of controllability must come from experiments. 
a series of laboratory glassware and high pressure bomb tests have been conducted. 
Accordingly, 0 
1. Laboratory Glassware Tests 
Two series of tests were conducted. The first, short-duration runs, 
were carried out in small cells formed from rectangular metal screens immersed 
in the liquid; the second series involved longer duration runs in cells. provided 
with wicks. The fundamental problem investigated was the possibility of mal- 
functions leading to the production of hot spots, which mightresult in explosive 
decomposition. In the short term tests, severe heating was engendered by small 
( 3  mil diameter) wires between the electrodes, thus simulating a failure of the 
cell due to shorting by a small piece of metal. In the longer duration tests, 
cells with wicks were allowed to operate under adverse conditions (such as khorted 
electrodes) for periods of several days. 
A summary of these tests is presented in Table V I I I ;  a more complete 
description is presented below. 
a. Short Duration Tests 
Experiment 1 - (Water Electrolysis, Shorted Cell) 
An 18-8 stainless steel wire of 3.0 mil (0.075 m) diameter 
was connected across the electrodes of a small cell formed from 
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2 . 0  c m  x 5 . 0  c m  (0.8 i n  x 2 i n )  r e c t a n g u l a r  s c reens  of 24 mesh 
304 s t a i n l e s s  steel .  E l e c t r o d e  s e p a r a t i o n  was 8 mm ( 0 , 3  i n c h e s ) .  
The ce l l  w a s  immsered i n  water and t h e  v o l t a g e  a c r o s s  t h e  e l e c t r o d e s  
w a s  i nc reased  s lowly u n t i l  t h e  wires burned o u t .  V io len t  b o i l i n g  
of t h e  water near the  h o t  w i r e  was observed,  w i t h  burnout occur r ing  
a t  approximately 0 .9  amperes and 3 v o l t s  i n  each of t h r e e  t r i a l s .  
Experiment 2 - (Hydrazine, Shor ted  C e l l )  
The s h o r t e d  c e l l  descr ibed  above w a s  immersed i n  anhydrous 
hydraz ine  i n  a n  i n e r t  atmosphere of n i t r o g e n  and e l e c t r i c a l  
power was app l i ed  fo r  pe r iods  of 3 t o  5 seconds.  Burnout 
d i d  no t  occur  dur ing  3 t r ia l s  a t  v o l t a g e s  of up t o  7.0 v o l t s ,  
which gave c u r r e n t s  o f  about  3.0 amperes. V io len t  b o i l i n g  and 
v igorous  e l e c t r o l y s i s  were observed du r ing  the  t r i a l s  a t  t h e  
h ighe r  v o l t a g e s .  
Experiment 3 - (Hydrazine, Shor ted  C e l l )  
The s h o r t e d  c e l l  employed i n  experiment land 2 above w a s  a l lowed 
t o  o p e r a t e  a t  6 .5  v o l t s  u n t i l  f a i l u r e  occurred .  I n  a p re l imina ry  
t r i a l ,  t h e  c e l l  was opera ted  a t  4.0 v o l t s  f o r  60 seconds,  which 
hea ted  t h e  hydraz ine  bu t  d i d  not  burn  out  t h e  w i r e .  Then a thermo- 
couple  w a s  placed i n  t h e  c o n t a i n e r ,  t h e  hydraz ine  was rep laced  wi th  
f r e s h  hydraz ine ,  and t h e  tes t  was cont inued .  14ost of t h e  t e s t  w a s  
c a r r i e d  ou t  a t  6 .5  v o l t s ,  which gave a c u r r e n t  of 2.5 amperes. 
The hydraz ine  w a s  heated t o  b o i l i n g  and cont inued  t o  b o i l  v e r y  v i g -  
o rous ly  f o r  several minutes ,  wi th  hydraz ine  being l o s t  by evapora-  
t i o n  and by escape  of t h e  f r o t h y  b o i l i n g  l i q u i d  through h o l e s  i n  
t h e  t o p  of t h e  c e l l  c o n t a i n e r .  Approximately 7 minutes  a f t e r  t h e  
beginning of t h e  second t r i a l ,  t h e  l i q u i d  l e v e l  appeared t o  r each  
approximately the  l eve l  of t h e  3 m i l  w i r e .  A hydraz ine  decomposi t ion 
flame w a s  i n i t i a t e d  a t  t h i s  t i m e ,  which consumed t h e  remaining 
hydraz ine .  The hea t  gene ra t ed  by t h e  burning hydraz ine  w a s  s u f f i c i e n t  
t o  m e l t  t h e  polyethylene cap of t h e  v i a l  and t o  cause  t h e  v i a l  t o  
c rack  from thermal  s t r e s s .  The burn ing  w a s  probably i n i t i a t e d  by 
i n c r e a s i n g l y  poor heat  t r a n s f e r  from t h e  e l e c t r i c a l l y  hea ted  wire, 
which al lowed t h e  w i r e  t o  reach  i n c r e a s i n g l y  h i g h e r  tempera tures  
b e f o r e  quenching with l i q u i d  hydraz ine  occurred .  It i s  p o s s i b l e  
a l s o  t h a t  a small amount of a i r  i n a d v e r t e n t l y  e n t e r e d  t h e  tes t  
chamber, c o n t r i b u t i n g  t o  t h e  i g n i t i o n  of t h e  hydraz ine .  
Experiment 4 (Hydrazine,  Non-Shorted C e l l )  
A v i a l  of hydraz ine  w a s  e l e c t r o l y z e d  a t  a h igh  c u r r e n t  d e n s i t y  f o r  
35 minutes .  The e l e c t r o l y s i s  c e l l  w a s  similar t o  those  desc r ibed  
above, excep t  t h a t  the e l e c t r o d e s  were n o t  sho r t ed  by a f i n e  w i r e ,  
and t h e  e l e c t r o d e  spacing w a s  reduced t o  4 mm. The c e l l  v o l t a g e  
w a s  set a t  20 v o l t s ,  and t h e  amperage dropped from an i n i t i a l  
v a l u e  of 1.9 amperes t o  a f i n a l  v a l u e  of 1 . 0  amperes as t h e  hydraz ine  
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1 L,quid w a s  removed from t h e  cel , S u f f i c i e n t  hea t  w a s  l i b e r a t e d  
du r ing  t h e  e l e c t r o l y s i s  t o  main ta in  a vigorous b o i l i n g  of t h e  
hydrazine.  The cu r ren t  d e n s i t y  of t h e  c e l l  i s  es t imated  t o  have 
inc reased  dur ing  t h e  e l e c t r o l y s i s  from a n  i n i t i a l  va lue  of about  
380 ma cm-2 t o  a f i n a l  va lue  of about  500 m a  c m - 2 ,  based u on 
es t imated  immersed c e l l  areas of 5 i n i t i a l l y  and 2 cm’ at  
t h e  end of t h e  e l e c t r o l y s i s .  No adverse  e f f e c t  o t h e r  t han  t h e  
b o i l i n g  of t h e  hydrazine appeared t o  r e s u l t  from t h e  h igh  c u r r e n t  
d e n s i t y  imposed upon t h e  ce l l .  
Experiment 5 - (Hydrazine, Shor ted  C e l l )  
A c e l l  similar t o  t h a t  employed i n  experiment 4 above was shor t ed  
by a 3 m i l  (0.075 mm) w i r e .  The v o l t a g e  was increased  s lowly  
u n t i l  w i r e  burnout ,  a t  a v o l t a g e  of 2.4 v o l t s  and a c u r r e n t  
of 2 . 5  amperes. No o t h e r  e f f e c t s  were noted as a r e s u l t  of t h e  
burnout ;  t h e  only ind ica t ion  of burnout  was  a sudden drop i n  t h e  
amperage a t  t h e  app l i ed  vo l t age .  Examination of t h e  w i r e  showed 
f u s i o n  of t h e  ends of t h e  pa r t ed  s e c t i o n  of w i r e .  
Experiment 6 - (Hydrazine, Shorted Cell) 
A c e l l  similar t o  t h a t  employed i n  experiment 5 above w a s  provided 
wi th  a g l a s s  co th  wick formed from 9 l a y e r s  of g l a s s  c l o t h .  The 
e l e c t r o d e s  were shorted by pass ing  a 3 m i l  s t a i n l e s s  S t e e l  w i r e  
through t h e  e l ec t rodes  and wick a t  a po in t  about  1 c m  above the  
bottom of t h e  c e l l .  The c e l l  was immersed i n  hydrazine t o  a 
level about 1 cm above t h e  l o c a t i o n  of t h e  s h o r t i n g  w i r e .  The 
v o l t a g e  a c r o s s  t h e  c e l l  w a s  i nc reased  slowly u n t i l  t he  s h o r t i n g  
w i r e  burned ou t .  
a c u r r e n t  of 2.15 amperes. The only i n d i c a t i o n  of burnout of t h e  
w i r e  w a s  t h e  sudden drop i n  amperage. 
Burnout occurred a t  a v o l t a g e  of 4.1 v o l t s  and 
b. Long Dura t ion  Tests 
Experiment 7 - (Hydrazine - Hydrazine Nitrate,  Probably-Shorted C e l l )  
A c e l l  wi th  2.0 x 5.0 cm e l e c t r o d e s  similar t o  those  descr ibed  
above w a s  cons t ruc ted  f o r  ope ra t ion  i n  a closed f l a s k .  The 
exper imenta l  appara tus  i s  i l l u s t r a t e d  i n  F igure  3. The c e l l  
w a s  opesated on a hydrazine n i t r a t e  s o l u t i o n  i n  hydraz ine  wi th  a n  
i n i t i a l  concen t r a t ion  of 2:0% f o r  a per iod  of 4 days.  A slow 
n i t r o g e n  purge was maintained through t h e  f l a s k  t o  prec lude  t h e  
en t r ance  of a i r  i n t o  t h e  ce l l .  The c e l l  w a s  opera ted  a t  10 v o l t s  
t o  provide a r e l a t i v e l y  seve re  ope ra t ing  cond i t ion .  
A r a p i d  i n c r e a s e  i n  c e l l  c u r r e n t  (from about  20 m a  t o  300 m a )  w a s  
noted near  t h e  end of t h e  second day of opera t ion .  On t h e  f o u r t h  
day of o p e r a t i o n  ’a f i r e  appa ren t ly  occurred which consumed t h e  
remaining hydrazine and genera ted  enough hea t  t o  crack t h e  f l a s k  
a t  t h e  l i p .  Pressure bui ldup  i n  the  f l a s k  appa ren t ly  w a s  n e g l i -  
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g i b l e ;  t h e  Teflon stopper w a s  not dis lodged.  There w e r e  no 
r eco rds  of t h e  ope ra t ing  parameters of t h e  ce l l  a t  t h e  t i m e  
of t h e  f i r e  because i n s t r u m e n t a t i o n  w a s  not  a v a i l a b l e  a t  t h a t  
t i m e  . 
Disassembly of t h e  c e l l  r evea led  e x t e n s i v e  d e p o s i t s  of c o r r o s i o n  
products  on t h e  e l e c t r o d e s  and i n  t h e  wick i n  a r e l a t i v e l y  small 
area a t  t h e  top  of t he  c e l l .  
Because of t h e  l a c k  of i n s t rumen ta t ion  r eco rds  a t  t h e  t i m e  of t h e  
f i r e ,  few conclusions can be drawn concerning t h e  cause of t h e  f i r e .  
From t h e  r a p i d  inc rease  i n  c e l l  c u r r e n t  observed i n  t h e  second day 
of o p e r a t i o n  and the l o c a l i z e d  c o r r o s i o n ,  i t  appears l i k e l y  t h a t  a 
s h o r t  c i r c u i t  developed i n  t h e  c e l l  and r e s u l t e d  i n  1ocal :heat ing.  
The c o r r o s i o n  probably w a s  enhanced by a combination of t h e  
temperature  inc rease  and h igh  c o n c e n t r a t i o n s  of hydrazine n i t r a t e  
caused by t h e  vapor i za t ion  of hydrazine i n  t h e  v i c i n i t y  of t h e  
s h o r t  c i r c u i t .  The minimal n a t u r e  of t h e  damage caused by t h e  
f i r e  seems t o  i n d i c a t e  t h a t  l i t t l e  hydrazine remained i n  t h e  f l a s k  
a t  t h e  t i m e  of t h e  f i re .  
Experiment 8 - (Hydrazine - Hydrazine Nitrate, C e l l  Probably Shorted)  
During t h e  pe r iod  i n  which Experiment 7 w a s  running, a n  improved 
ce l l  of similar design w a s  r a b r i c a t e d  and i n s t r u m e n t a t i o n  f o r  
t h e  r eco rd ing  of c e l l  v o l t a g e ,  amperage, and temperature  w a s  
developed. Improvements i n  t h e  a p p a r a t u s  included t h e  e l i m i n a t i o n  
of several aluminum a l l o y  par ts  from t h e  c e l l ;  a l l  metal parts 
exposed t o  t h e  hydrazine were f a b r i c a t e d  from s t a i n l e s s  steel. 
An improved Te f lon  e l e c t r o d e  h o l d e r  and s t a i n l e s s  steel  frame 
were f a b r i c a t e d .  The wick employed i n  t h e  c e l l  w a s  f a b r i c a t e d  
from t h e  g l a s s  f i b e r  p a p e r  material supp l i ed  by Strathmore P a p e r  
Company. 
A 24-point B r i s t o l  r eco rde r  w a s  employed t o  provide e i t h e r  con- 
t i nuous  r eco rd ing  of t h e  c e l l  performance o r  sampling of t h e  
d a t a  a t  15 minute i n t e r v a l s .  Mod i f i ca t ion  of t h e  r e c o r d e r  
r e s u l t e d  i n  10 channels of d i r e c t  m i l l i v o l t  r eco rd ing  and 14 
channels  of thermocouple r eco rd ing .  The r eco rde r  w a s  not  
a v a i l a b l e  u n t i l  the:middle of Experiment 8. 
The c e l l  w a s  operated a t  4 .0  v o l t s  f o r  10 days with a n  e l e c t r o l y s i s  
s o l u t i o n  of 1.7% hydrazine n i t r a t e  i n  hydrazine.  It  w a s  found t h a t  
t h e  c u r r e n t  remained e s s e n t i a l l y  c o n s t a n t  a t  i t s  i n i t i a l  va lue  of 
0.75 amperes throughout t h i s  t i m e ,  which i n d i c a t e d  t h a t  a s h o r t  
c i r c u i t  of t h e  e l e c t r o d e s  probably had occurred p r i o r  t o  t h e  s t a r t  
of t h e  tes t .  The t e s t  w a s  allowed t o  cont inue u n t i l  t h e  area of 
c o r r o s i o n  because v i s i b l e  a t  one co rne r  of t h e  e l e c t r o d e  and wick. 
The ce l l  was then  disassembled and examined. 
-36- 
It w a s  found t h a t  t h e  area of c o r r o s i o n  cen te red  about one 
co rne r  of t he  e l e c t r o d e  sc reens  and t h a t  both anode and 
cathode appeared t o  be e q u a l l y  involved. The wick a t  t h e  
eroded co rne r  of the e l e c t r o d e s  w a s  very t h i n  and w a s  h e a v i l y  
loaded wi th  co r ros ion  products .  It w a s  concluded t h a t  a s h o r t  
c i r c u i t  of t h e  cel l  had occurred a t  t h e  co rne r  of t h e  c e l l ,  and 
t h a t  t he  c o r r o s i o n  observed i n  t h i s  area had been promoted by 
t h e  r e s u l t i n g  ho t  spot.  
c. Conclusions : 
Two of t h e  above tests r e s u l t e d  i n  f i r e s ,  b u t  no de tona t ions .  The 
f i r s t  (Experiment 3 )  involved a d e l i b e r a t e l y  s h o r t  c i r c u i t e d  c e l l  which was  r u n  
u n t i l  t h e  l i q u i d  level f e l l  below the s h o r t i n g  w i r e .  The w i r e  became red h o t  when 
no longer  cooled by l i q u i d  h e a t  t r a n s f e r  and i g n i t e d  t h e  vapor from t h e  b o i l i n g  
hydrazine.  I g n i t i o n  may have been aided by t h e  presence of a i r  i n  t h i s  p a r t i c u l a r  
experiment.  
The second f i r e  (Experiment 7)  occurred du r ing  vigorous e l e c t r o l y s i s  
of hydraz ine  c o n t a i n i n g  hydrazine n i t r a t e  e l e c t r o l y t e .  A t  t h e  t i m e  of t h e  f i r e  
t h e  s o l u t i o n  w a s  approaching dryness  and a s h o r t  c i r c u i t  w a s  suspected.  Corrosion 
on a p o r t i o n  of t h e  e l e c t r o d e s  supports  t h e  c o n t e n t i o n  of ove rhea t ing  of a l o c a l  
area where hydrazine n i t r a t e  w a s  concentrated.  Th i s  test i n d i c a t e d  t h a t  hydrazine 
n i t r a t e  may cause a problem under some circumstances and,  wh i l e  not precluded as a n  
e l e c t r o l y t e ,  would r e q u i r e  c a u t i o n  i n  usage. 
The l a b o r a t o r y  glassware tests t h u s  gave no cause f o r  s e r i o u s  alarm 
concern r e a c t i o n  c o n t r o l l a b i l i t y .  They were followed by bomb tests wi th  hydrazine 
o x a l a t e  e l e c t r o l y t e ,  w i th  exc lus ion  of a i r .  a 
1. High P res su re  Bomb Tests 
A bomb assembly, as shown i n  F i g u r e  4, w a s  cons t ruc t ed  t o  
demonstrate  c o n t r o l l a b i l i t y  under cond i t ions  of high p res su res  and temperatures .  
It c o n s i s t e d  of a heavy-walled s ta inless  s teel  bomb con ta in ing  t h e  e l e c t r o d e  
assembly, a t h e r m o s t a t i c a l l y  c o n t r o l l e d  enc losu re  f o r  t h e  bomb, a D.C. power 
supply,  and i n s t r u m e n t a t i o n  f o r  recording t h e  c e l l  temperature ,  p r e s s u r e ,  v o l t a g e ,  
and c u r r e n t .  
The f i r s t  experiment w i th  t h i s  appa ra tus  was conducted wi th  304 
s t a i n l e s s  s t ee l  s c r e e n  anode and cathode. A t  t h e  t i m e  of t h i s  t e s t  i t  w a s  recogni-  
zed t h a t  c o r r o s i o n  might be a problem s o  t h e  v o l t a g e  w a s  maintained only s l i g h t l y  
over t h e  e l e c t r o l y s i s  t h re sho ld .  Concentric c y l i n d r i c a l  e l e c t r o d e s  f a b r i c a t e d  from 
Tyge 304 z t a i n l e s s  steel  sc reens  were employed. 
40 C (104 F).  
a c i d  w a s  e l e c t r o l y z e d  f o r  one week a t  approximately 1 v o l t .  
The temperature  w a s  maintained from 
A hydrazinium o x a l a t e  s o l u t i o n  con ta in ing  3.24% by weight o x a l i c  
It w a s  found t h a t  t h e  p r e s s u r i z a t i o n  of t h e  bomb proceeded smoothly 
and t h a t  t h e  rate of p r e s s u r i z a t i o n  w a s  approximately p r o p o r t i o n a l  t o  t h e  c e l l  c u r r e n t .  
(See F i g u r e  5).  The tes t  w a s  terminated,  because of t h e  l i m i t a t i o n  of t h e  b u r s t  
d i s c ,  when t h e  p r e s s u r e  reached approximately 600 psig.  
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Inspec t ion  of t h e  bomb con ten t s  a f t e r  t h e  test  revea led  t h a t  
some t r a n s p o r t  of t h e  e l e c t r o d e  m a t e r i a l  had occurred.  The cathode w a s  coated 
over t h e  area i n  c l o s e s t  proximity to  t h e  anode wi th  a b l ack  d e p o s i t  which 
weighted approximately 100 mg. A f a i n t  darkening of t h e  inne r  w a l l  of t h e  
p re s su re  v e s s e l ,  which w a s  a t  t h e  same p o t e n t i a l  as t h e  cathode,  w a s  a l s o  ob- 
served.  The hydrazine removed from the  bomb w a s  pale r edd i sh  i n  c o l o r .  
A s  a r e s u l t  of t h e  exper ience  i n  t h e  f i r s t  t es t ,  f u r t h e r  work 
was conducted wi th  g r a p h i t e  anodes (Grafgard E lec t rodes  Company, E l  Monte, 
C a l i f o r n i a ,  0.242 inch d iameter  e l e c t r o d e s  f o r  spec t rog raph ic  a n a l y s i s . )  Runs 
a t  2 v o l t s  ko 27.7 v o l t s  and a t  concen t r a t ions  of o x a l a t e  from 0 t o  1.0% (ex- 
pressed  as o x a l i c  a c i d )  gave ce l l  c u r r e n t s  between 0.56 and 1.1 amperes. A l l  
tests were a t  a nominal 4OoF (104'F). The r e s u l t s  are summarized i n  Table  I X  
i n  F igu res  6 and 7. The conclus ions  were: 
a .  No i n d i c a t i o n  of uncont ro l led  r e a c t i o n  has  been found a t  
The v o l t a g e s  up t o  2 7 . 7  v o l t s  and w i t h  c e l l  c u r r e n t s  as h igh  as 1.1 amperes. 
ra te  of p re s su re  i n c r e a s e  wi th  t i m e  i s  q u a l i t a t i v e l y  p ropor t iona l  t o  e l e c t r o l y s i s  
c u r r e n t  (Figure 6) .  I n  one case  (Experiment 47) i t  w a s  found on t e rmina t ion  of 
t h e  experiment t h a t  t h e  c a l i b r a t i o n  of t h e  p re s su re  t r ansduce r  had s h i f t e d .  S ince  
t h e  dashed segments of t h e  curve for  experiment 47 have t h e  same s l o p e  a t  t h e  curve  
p r i o r  t o  t h e  f i r s t  break,  and s i n c e  t h i s  s lope  (at c e l l  c u r r e n t  = 0.97 amperes) 
i s  i n  t h e  expected r e l a t i o n s h i p  t o  t h e  s lope  of t h e  curve f o r  experiment 45 (ce l l  
c u r r e n t  = 1.0 ampere), i t  i s  concluded t h a t  t h e  breaks  i n  t h e  curve  r e s u l t e d  from 
ins t rumen ta t ion  d i f f i c u l t i e s .  
Another problem i n  experiment 47 w a s  f a i l u r e  of t h e  temperature  
c o g t r o l ,  x i t h  t h e  r e s u l t  t h a t  t h e  c e l l  temperature  reached a maximum of approximately 
80 C (176 F ) .  This  i nadve r t en t  r i s e  i n  temperature  without  ill e f f e c t  i s  i n  i t s e l f  
u s e f u l  evidence of c o n t r o l l a b i l i t y .  
b .  No v i s u a l  evidence of co r ros ion  of t he  g r a p h i t e  anode o r  
ca thode  has  been found, and e l e c t r o d e  weight losses o r  ga ins  have n o t  exceeded 
2 .6  mg (ou t  of about 1 . 2  grams) i n  any high p res su re  experiment.  
c. The v a r i a t i o n  of c e l l  c u r r e n t  wi th  vo l t age ,  as shown i n  
F i g u r e  7 ,  g ives  t h e  expected inc rease  i n  c e l l  c u r r e n t  w i th  i n c r e a s i n g  e l e c t r o l y t e  
concen t r a t ion .  A t h re sho ld  v o l t a g e  somewhat less than  1 v o l t  i s  a l s o  ev iden t .  
It i s  i n t e r e s t i n g  t o  note  t h a t  i n i t i a l  hydrazine conduc t iv i ty  i s  q u i t e  s e n s i t i v e .  
t o  s t o r a g e  and handl ing.  The conduc t iv i ty  of hydrazine i n  Experiment 47 (before  
a d d i t i o n  of e l e c t r o l y t e ) ,  as shown i n  F igure  7,  i s  cons iderably  g r e a t e r  t han  t h a t  
of Experiment 42. 
s toppe red  g l a s s  b o t t l e  f o r  about  two months. However, 
o x a l i c  a c i d  w a s  added, conduc t iv i ty  of both samples of hydraz ine  w a s  n e a r l y  i d e n t i c a l  
( c f .  Experiment 47 and 48). It i s  concluded t h a t  i n i t i a l  conduc t iv i ty  i s  o r d i n a r i l y  
small and d i f f e r e n c e s ,  a l though e a s i l y  d i s c e r n i b l e ,  are e s s e n t i a l l y  e l imina ted  by 
a d d i t i o n  of small  amounts of e l e c t r o l y t e .  
The hydrazine of Experiment 47 had been s t o r e d  i n  a c l e a n ,  w e l l -  
when approximately 0.5% 
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d. Table IX shows the estimated current efficiencies, 6 ,  
computed by comparing the observed pressure rise rate with the pressure rise rate 
calculated by assuming the reaction 
4 Faradays + N2H4 N2 + 2H2 
Theoretical efficiencies between 75.7% and 122% were found, but an analysis of the 
errors in the calculation has indicated that a rather large variation in 6 might 
be anticipated. The principal sources of error are considered to be: 
(1) Leakage of gas from the apparatus. 
(2) Reading of the pressure, cell current, and 
elapsed time from the recorder chart. 
(3)  Uncertainties in the solubilities in hydrazine 
of the generated gases. 
( 4 )  Instrumentation. 
e. Additional investigations, which can be conducted as part of 
Task V, include elevated temperature runs and more accurate measurements of cell 
efficiency. The simp1est:imethodfor obtaining accurate measurements of the total 
current passed through the electrolysis cell will be the introduction of a coulo- 
meter in series with the cell. Refinement of the pressure transducer readout will 
provide pressure rise rate data of higher accuracy. Measurements of temperature 
and time can easily be made to suitable accuracy. A remaining source of error is 
the accuracy of the solubility data for hydrogen and nitrogen in hydrazine at the 
temperatures and pressures of interest; accurate efficiency measurements might be 
of use in evaluating the reported data. 
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VI11 Compa t ib i l i t y  
The e l e c t r o d e s ,  wicks,  and m a t e r i a l s  of c o n s t r u c t i o n  of t h e  e l e c t r o l y s i s  c e l l  
must be compatible wi th  the  hydrazine s o l u t i o n  being e l e c t r o l y z e d .  Almost no 
information i s  a v a i l a b l e  on t h e  c o m p a t i b i l i t y  with t h e  materials of i n t e r e s t  of 
d i l u t e  hydrazinium o x a l a t e  s o l u t i o n s  i n  hydrazine;  some d a t a  may be found f o r  
hydrazinium n i t r a t e  s o l u t i o n s .  A considerable  amount of d a t a  has been accumulated 
on hydrazine p r o p e l l a n t  c o m p a t i b i l i t i e s  by v a r i o u s  ae rospace  o rgan iza t ions .  These 
d a t a  w i l l  be reviewed and some experiments conducted on t h e  c o n t r a c t  w i l l  be 
desc r ibed .  
Two e s s e n t i a l  problems must be considered: c a t a l y t i c  decomposition of t h e  
hydrazine,  and c o r r o s i o n  o r  chemical a t t a c k  on t h e  s u b s t r a t e .  
t h e  i n t e r p r e t a t i o n  of t h e  d a t a  i s  sub jec t  t o  q u a l i f i c a t i o n  because of random o r  
e x t e r n a l  f a c t o r s  which may predominate. 
s e n s i t i v e  t o  trace contamination, making i t  v e r y  d i f f i c u l t  t o  c a t e g o r i z e  a 
material as incompatible  un le s s  t h e  gas  e v o l u t i o n  rate i s  s u b s t a n t i a l l y  g r e a t e r  
t h a n  t h e  c o n t r o l s .  
I n  both c a s e s ,  
Gas e v o l u t i o n  rates are e s p e c i a l l y  
The la t te r  problem may be i l l u s t r a t e d  by t h e  r e c e n t  r e s u l t s  from JPL 
(Reference 25).  
test  specimens i n  Pyrex ampoules which were connected t o  a s t a i n l e s s  s teel  p re s su re  
gage through a Kovar seal and Swagelok f i t t i n g 6  The tes t  procedure w a s  t o  store 
t h e  s a m p l e s  f o r  extended p r iods  of t i m e  a t  110 F ,  fo l lowing  which t h e  specimens, 
t h e  hydrazine and t h e  evolved gas were in spec ted  and analyzed.  
I n  b r i e f ,  t h e  referenced experiments were conducted by s e a l i n g  
G a s  e v o l u t i o n  d a t a  f o r  t h e  c o n t r o l s  ( appa ra tus  c o n t a i n i n g  hydrazine on ly )  are 
shown by t h e  s o l i d  l i n e s  i n  F igu re  8. (The numbers r e f e r  t o  the  runs of Reference 
25) .  The curves are approximate, having been drawn by us  through t h e  p o i n t s  re- 
p o r t e d ,  but  i n d i c a t e  average rates ranging from about  . O l  p s i l d a y  t o  0.50 p s i l d a y .  
This  ve ry  l a r g e  spread i n d i c a t e s  t h a t  some random f a c t o r  i s  p r e s e n t .  
gas  e v o l u t i o n  rates i n  t h e  presence of most of t h e  material specimens t e s t e d  f e l l  
w e l l  w i t h i n  t h e  range of t h e  c o n t r o l s .  The information r e p o r t e d  i s  t o o  comprehen- 
s i v e  t o  be r epea ted  h e r e ,  but as an  example f o u r  d a t a  p o i n t s  f o r  6A1-4V t i t a n i u m  
are a l s o  shown i n  F i g u r e  8 as t h e  l a r g e  c i r c l e s .  
0 
I n  f a c t ,  
The above experiments may b e  i n t e r p r e t e d  i n  t h e  l i g h t  of t h e  d i s c u s s i o n s  of 
hydrazine decomposition given above i n  Sec t ion  IIC. F i r s t ,  i t  i s  a v i r t u a l  
c e r t a i n t y  t h a t  gas  e v o l u t i o n  i s  taking place a t  s p e c i f i c  active sites r a t h e r  
t han  uniformly over  any one s u r f a c e .  Otherwise t h e  spread i n  t h e  d a t a  would not 
be observed. -These r e a c t i o n  s i tes  could come about  e i t h e r  as a r e s u l t  of non- 
un i fo rmi ty  of t h e  s u r f a c e s  themselves, caused by contaminant substances which were 
not removed i n  t h e  course of c leaning and p a s s i v a t i o n ,  o r  by g e n e r a t i o n  of act ive 
s i tes  dur ing  t h e  c l e a n i n g  p rocess ,  
Again, t h e  g l a s s  would be most l i k e l y  t o  be a f f e c t e d  by t h e  above f a c t o r s  
s i n c e  i t  i s  i n h e r e n t l y  non-uniform and w a s  c leaned wi th  chromic a c i d  and ammonium 
hydroxide.  Traces of chromium i o n s ,  which could c a t a l y z e  t h e  decomposition, are 
d i f f i c u l t  t o  remove and b a s i c  reagents  tend t o  i n c r e a s e  t h e  number of hydroxyl 
groups on t h e  g l a s s  s u r f a c e .  A larger number of hydroxyl groups w i l l  i n c r e a s e  
t h e  number of s i tes  where hydrazine may be absorbed. 
o x i d i z i n g  c l ean ing  and p a s s i v a t i n g  reagents  which are o x i d i z e r s ,  a l s o  gene ra t e  
m e t a l  ions  bu t  t h e s e  i o n s  are easier t o  remove than i n  t h e  case  of g l a s s .  
Metals, when t r e a t e d  with a 
h 
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While c a t a l y t i c  r e a c t i o n  undoubtedly t akes  place on a l l  s u r f a c e s  exposed 
t o  vapor ,  and poss ib ly  those  exposed t o  l i q u i d ,  i t  i s  not  known whether g l a s s  
o r  metal i s  the  p r i n c i p a l  c o n t r i b u t o r  i n  t h e  above experiments.  However, un le s s  
non- rep roduc ib i l i t y  of t he  c leaning  procedures would r e s u l t  i n  a 50 t o  1 f a c t o r  
i n  r e a c t i v i t y ,  i t  would appear t h a t  r e a c t i v e  s i tes  o r i g i n a l l y  p re sen t  i n  t h e  g l a s s  
s u r f a c e s  might be t h e  main source  of g a s  evolu t ion .  
S t an fo rd  Research I n s t i t u t e ,  i n  t h e i r  a n a l y s i s  of t h e  sub jec t  data (Reference 
26) has  e l e c t e d  t o  cons ider  on ly  t h e  c o n t r o l s  represented  by t h e  t h r e e  lowest 
curves  of F igu re  8. The c i r c l e d  po in t s  which r e p r e s e n t  6A1-4V t i t a n i u m  ( i n  com- 
b i n a t i o n  wi th  o t h e r  materials), c l e a r l y  gassed more than  t h e  t h r e e  best c o n t r o l s ,  
so SRI concludes 6A1-4V t i t a n i u m  i s  noncompatible. However, un less  SRI has i n f o r -  
mation not  r epor t ed ,  it would a p p e a r  t h a t  t h e  s t a t e d  conclus ion  might be unwarranted. 
Add i t iona l  d a t a  f o r  6A1-4V t i t an ium i n  o t h e r  p r o p e l l a n t  mixtures  are  shown i n  
Table  X.  SRI concludes from t h e s e  r e s u l t s  t h a t  6A1-4V t i t a n i u m  i s  compatible  wi th  
t h e  hydrazine-hydrazine n i t r a t e  mixture but  noncompatible wi th  the  hydrazine - UDMH 
mixture .  Again, i t  i s  d i f f i c u l t  t o  understand t h e  r a t i o n a l e  s i n c e  t h e  specimens 
show gas  evo lu t ion  rates similar t o  the c o n t r o l s  wi th  no s i g n i f i c a n t  cor ros ion .  
F o r t u n a t e l y ,  i t  i s  not  necessary t o  r e s o l v e  t h e  f i n e r  po in t s  of t h e  compati- 
b i l i t y  argument i n  o rde r  t o  determine a c c e p t a b i l i t y  of a material f o r  u se  i n  a 
d u a l  mode hydrazire system. The experimental  evidence c l e a r l y  shows t h a t  gas  
e v o l u t i o n ,  i f  it does occur ,  w i l l  be a t  a rate very  much less than t h e  planned 
e l e c t r o l y s i s  rate f o r  a number of d e s i r a b l e  materials of cons t ruc t ion .  C a t a l y t i c  
decomposition, s o  long as i t  i s  slower than  t h e  usage rate, would serve t o  relieve 
a small p a r t  of t h e  burden on t h e  e l e c t r o l y s i s  c e l l .  It is not expected,  however, 
t h a t  measurable c a t a l y t i c  decomposition w i l l  be  observed. 
Corros ion ,  i f  i t  t akes  p l ace ,  i s  t h e  only f a c t o r  t h a t  could poss ib ly  be a 
problem. The measurements made by SRI on t h e  JPL samples showed only  very  s m a l l  
weight  changes f o r  e i t h e r  t i t a n i u m  a l l o y s  o r  a c i d - t r e a t e d  6061-T6 aluminum i n  
e i t h e r  n e a t  hydraz ine  o r  t h e  mixtures.  No r e s u l t s  on t h e  o t h e r  materials are 
known t o  have been r epor t ed  by SRI or  JPL. Other i n v e s t i g a t o r s ,  however, g e n e r a l l y  
r e p o r t  s a t i s f a c t o r y  performance f o r  most s t a i n l e s s  s tee l s ,  aluminum a l l o y s  and 
t i t a n i u m  a l l o y s .  Also s a t i s f a c t o r y  a r e  Tef lon ,  Kel-F and many ethylene-propylene 
r u b b e r  compounds as w e l l  as polyethylene and polypropylene. 
Our own experiments  have been r e s t r i c t e d  t o  t e s t s  designed p r imar i ly  t o  d e t e c t  
g r o s s  e f f e c t s  w i th  t h e  p a r t i c u l a r  materials and combination of materials expected t o  
be  used i n  t h e  developmental model cel l .More e l a b o r a t e  t es t s  were no t  undertaken 
because a program i f  t h e  type  conducted by JPL i s  beyond t h e  scope of t h i s  c o n t r a c t  
and a l s o  because e l e c t r o l y z i n g  condi t ions  could p re sen t  new problems. The b e s t  
ev idence  of compa t ib i l i t y  w i l l  come from t e s t i n g  of t h e  developmental model ce l l .  
We have had several l abora to ry  c e l l s  i n  ope ra t ion  f o r  per iods  up t o  several weeks 
i n  d u r a t i o n  with no evidence of problems except f o r  occas iona l  s t a i n i n g  of s t a i n l e s s  
s teel  and orange t i n t e d  d i s c o l o r a t i o n  of t h e  hydrazine.  
t o  have  been caused by t h e  presence of a i r  i n  t h e  appa ra tus .  
Those e f f e c t s  are be l i eved  
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TABU X "  1'
JPL TESTS WITH 6AL-4V TITANIUM IN HYDRAZINE - IIYDRAZINE NITRATE 
AND HYDRAZINE - UDMH (REFERENCE 25) 
JPL Test No. Storage Time Final Pressure, Weight Change Propellant 
years psia, HOOF % 
6A1-4V Titanium 
209 2.6 
21056 2.6 
212 2.6 
2 13* 2.6 
Controls 
9 .o 
10.0 
16.0 
10.0 
151 3.75 10.0 
152 3.75 6.0 
153 3.75 14.5 
154 3.75 6.0 
239 . 2.4 17.0 
24 1 2.4 39.5 
6A1-4V Titanium 
263 
2 64 
265 
266 
267 
268 
2 69 
271 
272 
273 
2 74 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 
25.0 
7.5 
11.5 
15.5 
10.0 
15.0 
13.0 
23.0 
8.0 
16.5 
8.5 
Controls 
263A 1.8 12.5 
269A 1.8 33.5 
-0.0022 
-0.0033 
0.0000 
0.0000 
-0.0021 
-0.0021 
-0.0021 
-0.0032 
-0.0032 
-0.0032 
-0.0021 
-0.0042 
-0.0022 
-0.0074 
-0.0055 
HZ -HN 
II 
11 
11 
11 
I t  
II 
II 
II 
11 
HZ -UDMH 
II 
I 1  
11 
11 
11 
II 
II 
II 
11 
11 
*Also 6061-T6 aluminum as part of sample tested 
-48- 
The actual compatibility tests were conducted in Pyrex glass tubes with a 
polyethylene seal. Various combinations of stainless steel, aluminum, titanium, 
graphite and glass cloth have been run, both at ambient temperature and +150°F, 
as shown in Table XI. 
A few weeks after start of the tests, l o s s  of liquid volume was noted in the 
0 
+150 F samples, obviously because the polyethylene seal was inadequate. Several 
samples, especially those containing stainless steel, were discolored, probably 
because of air. In the ambient samples, some have discolored and others which 
had a better seal have not. Discoloration of hydrazine has also been observed 
in several of the laboratory cells after operation had been stopped for a day 
or more, whereas no discoloration had been detected during-much longer periods 
of operation in which the generated gases continually purged the system. 
The developmental model cell will be constructed of 6A1-4V titanium, aluminum, 
graphite, 99+% silica glass cloth, 304 stainless steel, Teflon and polypropylene. 
A l l  of those materials are known to be compatible with neat hydrazine for at least 
a number of weeks at ambient temperature: they will be further evaluated under 
true system operating conditions during the course of Task V. 
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IX Zero Gravity Studies a 
A .  Introduction 
The dual mode hydrazine concept is adaptable to almost all spacecraft 
attitude control and maneuvering requirements, but the cold gas propulsion 
feature is of greatest interest for non-spinning, three-axis-stabilized vehicles. 
The system to be designed under this contract is for a specific large inter- 
planetary vehicle according to the requirements described previously under Task I. 
During the cruise periods of the mission the gravitational forces will be very low, 
especially between attitude control pulses. In this section we shall consider the 
problem of managing the propellant ullage in order to supply gas-free liquid to 
the catalytic engines and liquid-free gas to the attitude control thrusters during 
the low-gravity phases of the mission. 
Easiest of the two requirements is positive liquid expulsion from the 
propellant tank. A bladder or bellows would be difficult to mechanize in a tank 
containing an integral electrolysis cell, but screens which prevent passage of 
gas by surface tension effects should be adequate and may be accepted as state- 
of-the-art. Such screens have been demonstrated in models in which screens 
calculated to support a given liquid head against a given gravitational force 
showed good agreement between experiment and theory. 
The liquid feed device may accordingly take the form of pie-pan shaped 
screens covering the outlet port, a close-fitting screen liner over part or all 
of the tank, a screen cannister located within the tank, or other similar con- 
figurations. Because of the flexibility of the devices and the relatively 
straightforward calculations needed to determine the proper screen size, no 
research in th is  area is Likely to be needed under the present contract. Some 
calculations of reqzired screen size are presented later in this section. 
0 
The gas-vent side is a more complex question, but is somewhat simpler for 
the dual mode system than for the most general case because the gas may be 
generated at a known location. Thus, it may be possible to trap a volume of 
gas sufficient for attitude control propulsion and allow only the remaining 
fraetion to be released into the main ullage. 
B. Mission Constraints 
The mission profile provides two basic constraints for the gas vent 
design: the volume of gas needed for a given thrusting event; and the g-field 
limits 
With reference to the required gas volume, by JPL direction we are 
designing to a minimum impulse bit of 1 . 6  x 10-3 lb-sec. 
may assume the configuration calls for four thrusters operating simultaneously 
in each of three axes at the minimum operating pressure. The minimum pressure, 
which will obtain immediately after the largest liquid engine thrust period, should 
be no less than about 90 psia to be compatible with catalytic engine operation. 
The temperature will be spacecraft ambient (70°F) if the tank is located within 
A s  a worst case, we 
the main structure. The gas volume required is then: 
0 
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1.6 x lo-' x 4 x 3 lb-sec. 454g 3 mol 82 ml atm 
lb 32 g Mol deg v =  X 120 lb-sec/lb 
= 27 ml 294 deg 90/14.7 atm X 
The minimum amount of hydrazine required for any of the system con- 
figurations is 22.6 lb, which occupies a volume of 10.3 liters. 
worst case volume of trapped gas is considerably less than 1% of the smallest 
hydrazine tank. In actual system operation it is very unlikely that the worst 
case combination of curcumstances would occur. In a nominal case with smaller 
impulse bits, fewer thrusters operating simultaneously and higher system pressure, 
the volume of gas needed at any one time should be at least an order of magnitude 
smaller. There should be no practical difficulty in generating the needed amount 
of gas. 
sirable to fabricate a flexible unit capable of handling considerably larger 
gas volumes than needed to meet the very modest requirement of the present 
miss ion e 
Thus, the 
In designing the development model of Task V, it will probably be de- 
The gravitational forces experienced during the mission were estimated 
as follows: 
1. Cruise Mode 
From an estimate provided by JPL, the spacecraft may be 20 ft in 
diameter and have a moment of inertia of 14,000 slug ft2. 
tank is located near the periphery and thetotal applied force (4 thrusters). is 
0.16 lb, 
Then, if the propellant 
2 angular acceleration = 14 x 10 1.14 x rad/sec 
2 linear acceleration = 1.14 x x 10 = 1.14 x ft/sec 
= 3.55 
For comparison, it may be noted that the angular accelerations during 
cruise mode maneuvering of the Ranger/Mariner class vehicles was of the order of 
4.5 x 10-4 rad/sec2, which for the above geometry would give a linear acceleration 
of 1.4 10-4 g. 
For design purposes, a cruise mode field of h i s  reasonable. 
2. Midcourse 
If the tank is aligned so that the retro force operates in a direction 
which tends to settle the liquid in the most favorable orientation, it is most 
likely from envelope considerations that the midcourse engine would operate along a 
68(22)-2749/B1183-002 
d i f f e r e n t  a x i s ;  
t o  t h e  r e t r o  axis ,  o r  lateral  wi th  respec t  t o  t h e  ce l l .  For  a 20,000 l b  space- 
c r a f t  and a t y p i c a l  midcourse engine  of 100 l b f  t h r u s t  t h e  a c c e l e r a t i o n  would be 
I n  most s p a c e c r a f t  t h i s  axis would probably be perpendicular  a 
100 
20,000/32.2 = 5 
-2  Design t o  lateral a c c e l e r a t i o n s  of t h e  o rde r  of 10 t o  lo-' go 
would a p p e a r  t o  be reasonable .  
3. Ret ro  
While t h e  r e t r o  t h r u s t  might be  q u i t e  l a r g e ,  t he  c e l l  and tank  
would b e  o r i e n t e d  i n  a d i r e c t i o n  which tends  t o  se t t le  t h e  l i q u i d  away from 
t h e  v e n t  tube.  Hence, t h e r e  would be no low-g requirement t o  meet dur ing  
r e t r o .  
C .  A l t e r n a t i v e  Conf igura t ions  
A number of p o s s i b l e  conf igu ra t ions  were examined. O r i g i n a l l y  it had 
been planned t o  use  t h e  "Christmas Tree" arrangement shown i n  F igu re  9 ,  which 
comprises a manifold of t u b u l a t u r e s  te rmina t ing  i n  non-wetting porous plugs.  
So long as any of t h e  plugs were located w i t h i n  t h e  u l l a g e  bubble,  only gas  would 
be vented .  
A i r  Fo rce  sponsorship.  It w a s  abandoned i n  t h e  p re sen t  case f o r  two reasons .  
I n  t h e  f i r s t  p lace ,  t h i s  type  device has  not  been t e s t e d  i n  ze ro  g r a v i t y  and a 
p o s s i b l e  f a i l u r e  mode may be envisioned i f  thermal g r a d i e n t s  cause l i q u i d  t o  
d i s t i l l  and condense on t h e  i n s i d e  su r face  of t h e  porous plug.  I n  such a n  even t ,  
when t o t a l l y  immersed i n  l i q u i d ,  even a non-wetted plug may no longer  ba r  passage 
of f l u i d .  Secondly, t h e  "Christmas Tree" des ign  does not  t a k e  advantage of t h e  
f a c t  t h a t  i n  t h e  dua l  mode system t h e  g a s  bubble may be  genera ted  and t rapped i n  
a known l o c a t i o n .  
This  device  i s  similar to  one developed by B e l l  Aerosystems under e 
1. S t r a i g h t  Tube Conf igura t ion  
The b a s i c  method se l ec t ed  f o r  t r app ing  t h e  e l e c t r o l y s i s  gases  i s  
shown i n  F igu re  10. The c e l l  i s  composed of a c y l i n d r i c a l  wick wi th  sc reen  w i r e  
e l e c t r o d e s  on t h e  inne r  and o u t e r  sur faces .  The ce l l  assembly i s  enclosed w i t h i n  
a n  annu la r  can wi th  communication t o  t h e  c e n t r a l  c a v i t y  by a tube  f o r  gas  passage 
and a wick which f i t s  t i g h t l y  enough t o  exclude gas  but  a l lows  hydrazine t o  be  
drawn i n t o  t h e  c e l l .  
i n t o  t h e  hemispher ica l  head end. 
t h e  o t h e r  end during p res su re  f l u c t u a t i o n s .  
The vent  i s  a non-wetting Teflon-coated tube  which pro t rudes  
Liquid i s  f r e e  to) f lbw. i .n  and-out  through ho le s  i n  
Under ze ro  g r a v i t y  condi t ions ,  t h e  u l l a g e  bubble w i l l  be s t a b l e  i n  
t h e  hemispher ica l  end ( o r  adhere t o  t h e  non-wetting ven t  tube  i f  t oo  small t o  
fill t h e  e n t i r e  d iameter ) .  S ince  gas i s  i n j e c t e d  i n t o  t h a t  area, i t  w i l l  no t  
tend  t o  migra te  away. 
chamber w i l l  encounter  a wet ted  w a l l  and be  drawn away from t h e  vent .  
Any l i q u i d  which might be expe l l ed  from t h e  e l e c t r o l y s i s  
e 
~- 
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The s t a b i l i t y  of t h i s  s i m p l e  c o n f i g u r a t i o n  i s  amendable t o  t h e o r e t i -  
Two techniques w e r e  appl ied  t o  e v a l u a t e  t h e  s t a b i l i t y  of t h e  gas  ca l  a n a l y s i s .  
bubble i n  F igu re  10. 
The f i r s t  approach w a s  t h a t  of S .  Boraas e t  a1 ( 2 7 ) ,  who assumed t h a t  
t h e  c r i t i ca l  g r a v i t y  f i e l d ,  i n  which t h e  bubble w i l l  no longer  resist displacement 
a long  t h e  l o n g i t u d i n a l  axis  of t h e  c e l l ,  may.be taken  t o  be t h a t  f i e l d  wherein 
t h e  buoyant f o r c e s  exe r t ed  by t h e  bubble are equal  t o  t h e  s u r f a c e  t e n s i o n  f o r c e s  
a c t i n g  around t h e  bubble p e r i m e t e r .  The mathematical  t rea tment  fo l lows .  
I n  z e r o  and near -zero  g r a v i t y ,  t h e  s t a b l e  conf igu ra t ion  w i l l  be  t h a t  
f o r  which t h e  l iqu id-vapor  i n t e r f a c e  i s  a s e c t i o n  of a sphere ,  i n t e r s e c t i n g  t h e  
w a l l  a t  t h e  con tac t  ang le .  Thus, r e f e r r i n g  t o  F igu re  13, R = r / c o s  cy, and t h e  
t o t a l  f o r c e  due t o  su r face  t e n s i o n ,  S, i s :  
s = nr2 (s) cos cy, where 
r = r a d i u s  of c y l i n d e r  
R = r a d i u s  of cu rva tu re  of t h e  g a s - l i q u i d  boundary 
a = a c c e l e r a t i o n  f i e l d  
h = he igh t  of bubble under h y d r o s t a t i c  head 
CY = con tac t  angle  of l i q u i d  
Vb = p o r t i o n  of bubble  volume under h y d r o s t a t i c  head 
p = ( d e n s i t y  of l i q u i d ) - ( d e n s i t y  of gas)  
And t h e  volume of t h e  bubble  under t h e  h y d r o s t a t i c  head is :  
2 
Vb = 1 / 3 ~ h  (3R-h) 
S u b s t i t u t i n g  h = r - R cos (90 - a ) ,  and R = R/cos CY: 
3 = 3 ( 2  - 3 s i n  cy s i n  cy) 
3 
'b 3 cos a 
I f  t h e  bouyant f o r c e  B is: 
9 
= p+, ( 2 - 3 s i n  ty + s i n  3 cy), 
PaVb 3 COS cy 
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I h  
t h e n ,  Equat ing S and B y  
L 4 
For t h e  proposed ce l l  design: 
0 f o r  hydrazine i n  con tac t  w i th  metal s u r f a c e s  
0 = 67 dynes/cm (hydrazine) 
r = 2.5 cm ( s i z e  of s t andp ipe  h o l e  i n  t h e  scrap Surveyor 
tank s e l e c t e d  f o r  Task V and of s u i t a b l e  s i z e  f o r  t h e  
m i s s  ion)  
p = 1 g / c c  
2 -2 
There fo re ,  a = 3 2 . 1  cm/sec , o r ,  r e f e r r e d  t o  s t anda rd  gravi ty ,  3.28 x 10 go, 
which i n d i c a t e s  t h a t  a c c e l e r a t i o n  along t h e  a x i s  of t h e  c e l l  g r e a t e r  than 3 . 3  
x go w i l l  break t h e  meniscus. 
T h i s  a n a l y s i s  t hus  i m p l i e s ,  w i th  r e fe rence  t o  t h e  g - f i e l d  estimates 
g iven  p rev ious ly ,  t h a t  t h e r e  would be s t a b i l i t y  f o r  c r u i s e  and t u r n i n g  maneuvers 
b u t  a marginal  c o n d i t i o n  a t  midcourse. 
A more s o p h i s t i c a t e d  a n a l y s i s  i s  t h a t  of Reynolds e t  a1 ( 2 8 ) .  T h e i r  
t r ea tmen t  i s  based on t h e  thermodynamic c o n d i t i o n  t h a t  t h e  p o t e n t i a l  energy must 
b e  a minimum i n  a n  e q u i l i b r i u m  s t a t e .  
c o n f i g u r a t i o n  of an  axisymmetric meniscus i n  terms of t h e  s t r e n g t h  of t h e  g f i e l d ;  
s p e c i f i c a l l y ,  as a f u n c t i o n  of we t t ing  a n g l e  and Bond N.umber.a Reynolds e t  a1 
c a l c u l a t e d  t h e  maximum bond number f o r  which a l i q u i d  of g i v e n  c o n t a c t  a n g l e  may 
sgppor t  a s t a b l e  meniscus i n  tubes  having v a r i o u s  w a l l  shapes.  For a l i q u i d  having 
0 c o n t a c t  a n g l e  i n  a s t r a i g h t  w a l l e d - t u b e ,  t he  c r i t i ca l  Bond Number w a s  found t o  
be 0.85. Then, 
They t h u s  de r ived  expres s ions  f o r  t h e  s t a b l e  
Jc Bond number, de f ined  as t h e  r a t i o  of g r a v i t a t i o n a l  t o  c a p i l l a r y  f o r c e s ,  i n  - 
c o r p o r a t e s  f l u i d  d e n s i t y ,  a c c e l e r a t i o n ,  s u r f a c e  t e n s i o n ,  and a c h a r a c t e r i s t i c  
l e n g t h  i n  a dimensionless  t e r m .  
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2 1 x a x 2.5 par=  
I .85 
2 
0 67 
2 - 3  a = 9.12 cm/sec , o r  9.3 x 10 g.  
Th i s  c r i t i ca l  a c c e l e r a t i o n  i s  about  1 / 3  of t h e  va lue  c a l c u l a t e d  by t h e  
method of Boraas e t  a l ,  bu t  would s t i l l  p r e d i c t  s t a b i l i t y  dur ing  c r u i s e  mode 
and tu rn ing  maneuvers. 
has  no t  been i d e n t i f i e d ,  bu t  it may be noted t h a t  t h e  c o n s t r a i n t  of Boraas e t  a1 
t o  a s p h e r i c a l  i n t e r f a c e  does not  account f o r  i n t e r f a c e  d i s t o r t i o n  p r i o r  t o  f a i l u r e .  
It seems l i k e l y  t h a t  t h e  meniscus would be  d i s t o r t e d  a t  a c c e l e r a t i o n s  below t h e  
f a i l u r e  l i m i t  p r ed ic t ed  by t h e  Boraas t rea tment .  Nei ther  t rea tment  p r e d i c t s  t h e  
d e t a i l s  of what would happen when the meniscus became u n s t a b l e  under a g f i e l d .  
The reason  fo r  t h e  d i f f e r e n c e  between t h e  two r e s u l t s  
It i s  of i n t e r e s t  t o  repeat t h e  above c a l c u l a t i o n  i n  terms of what d iameter  
t ube  would be e f f e c t i v e  i n  a -1g f i e l d :  
1 / 2  
) = (0*85 67) = 0.241 c m  0.850 r = (- 
Pa 1 x 980 
I n  o rde r  t o  accommodate t h e  27 cm3 of gas  computed p rev ious ly  as a worst  
case requirement ,  t h i s  would r e q u i r e  a s ix  inch  l eng th  s t r a i g h t  tube.  It would 
thus  obviously be p o s s i b l e  t o  b u i l d  and tes t  a t  -1 g a s i m p l e  small diameter  
s t r a i g h t  t ube  s t o r a g e  plenum which would s a t i s f y  t h e  p re sen t  requirements .  There 
are p o s s i b l e  d i f f i c u l t i e s  wi th  such a conf igu ra t ion ,  however, which w i l l  be d i s -  a cussed later. 
2. Conical  Conf igura t ion  
A s i m p l e  mod i f i ca t ion  of the b a s i c  s t r a i g h t  t ube  des ign  i s  shown i n  
F igu re  11. It c o n s i s t s  of a cone i n s e r t e d  i n t o  t h e  gas  s t o r a g e  space as shown. 
The a c u t e  a n g l e  found by t h e  cone and w a l l  of t h e  c e l l  could improve meniscus 
s t a b i l i t y  by v i r t u e  of t h e  reduced meniscus d i ame t ra l  s e c t i o n  and provide a 
p o s i t i v e  f o r c e  which would tend  t o  d i s p l a c e  any l i q u i d  p re sen t  towards t h e  base  of  
t h e  cone. Th i s  c o n f i g u r a t i o n  w a s  analyzed b r i e f l y .  Reynolds e t  a1 (28) c a l c u l a t e d  
t h e  s t a b i l i t y  of f l a t  annular  menisci  i n  paral le l  wal led  tubes  by t h e  thermodynamic 
method. They recommend that  t h e  non-pa ra l l e l  walls of t h e  cone and c y l i n d e r  may 
be approximated a t  a g iven  po in t  by a pa ra l l e l -wa l l ed  annulus  of t h e  same diamter ,  
and suggested c o r r e g t i o n  f a c t o r s  which could b e  a p p l i e d  t o  a l i q u i d  with con tac t  
ang le  o t h e r  than 90 . The resul ts  f o r  t h e  present  case arc:  
60 
Outer Radius Inne r  Rac!.:.us C r i t i ca 1 h c c E: Le ra t i o n  , 
2.5 2 .0  0.085 
2 .5  1 .5  0.026 
2.5 0 0.009 
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It is'concluded that the cone should improve stability by an order of 
magnitude for a nearly empty cavity but offers no improvement over the cylinder 
if the cavity is nearly full. It would be more satisfactory to employ a number 
of concentric slightly tapered baffles than a cone because performance would be 
essentially independent of the degree of filling and less volume would be wasted. 
3.  Screen Configuration 
A possible problem with the straight tube design may arise if the 
electrolysis cell injects a liquid into the gas reservoir as might happen by 
distillation or excessive wicking of liquid into the cell. In a small  diameter 
tube, liquid could accumulate until a slug was formed in the tube. Any sizable 
gas demand would almost surely result in expulsion of the liquid slug through the 
gas distribution system. 
a large diameter tube incorporating one or more screens to stabilize the position 
of the bubble, as shown in Figure 1 2 .  If the screens are wetted, introduction 
of gas will expel liquid from the first compartment until it is completely empty. 
Then, gas will break through the wet screen and empty the other compartments in 
consecutive order. 
accelerations may be performed as follows: 
A possible way to circumvent this difficulty is to use 
A calculation of screen size required to withstand various 
where 
0 
D 
D =  
g =  
c y =  
o =  
Ap = 
, Q =  
(cos 0 + sin 0) 
maximum pore size, cm 
normal gravitational constant, 980 cm sec' 
fraction of normal gravitational acceleration 
surface tension, 67 dynes/cm 
density difference (liquid-gas), 1 g/cm 
contact angle, 0' 
-2 
2 
The anticipated maximum tank dimension is 36.5 cm, which is taken to 
be the hydrostatic head, h. The following table shows screen size required 
for several forces. 
cy, Fraction of Normal Earth Gravity Screen Pore Diameter, cm 
.001 
.01 
.1 
1.0 
10.0 
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It i s  seen  t h a t  t h e  es t imated  g r a v i t a t i o n a l  f o r c e s  may be managed by 
a ve ry  coase sc reen  of t h e  o r d e r  of 1 c m  i n  diameter .  Even more of i n t e r e s t  
i s  t h a t  a 35 micron sc reen  should wi ths tand  normal g r a v i t y .  Not on ly  could a 
ve ry  l a r g e  s a f e t y  f a c t o r  b e  obta ined  by a r e a d i l y  a v a i l a b l e  sc reen  bu t  i t  
should a l s o  be  p o s s i b l e  t o  b u i l d  a device which could be  t e s t e d  i n  normal 
E a r t h  g r a v i t y .  This  advantage i s  not r e a l i z e d  i n  t h e  o t h e r  conf igu ra t ions ;  
even wi thout  a n a l y s i s  i t  i s  seen  t h a t  t h e  o t h e r  c o n f i g u r a t i o n s  would no t  be 
s t a b l e  i n  a n  i n v e r t e d  p o s i t i o n .  
The s c r e e n  c o n f i g u r a t i o n  i s  p r e f e r r e d  because it can be t e s t e d  i n  a l l  
p o s i t i o n s  i n  t h e  l a b o r a t o r y .  It i s  reasonable  t o  suppose t h a t  any dev ice  which 
i s  demonstrated t o  be  s a t i s f a c t o r y  i n  adve r se  normal g r a v i t y  w i l l  perform 
p rope r ly  i n  low g r a v i t y .  
D .  A n a l y t i c a l  Conclusions 
The compartmented sc reen  des ign  of F igu re  12 has  much g r e a t e r  p o t e n t i a l  
s t a b i l i t y  than  t h e  o t h e r  conf igu ra t ions  considered.  The a n a l y s i s  of t h e  s i m p l e  
s t r a i g h t  t ube  c a v i t y  w a s  of i n t e r e s t ,  however, because it i n d i c a t e d  t h a t  success  
i s  probable  even i n  t h e  event  of a screen f a i l u r e .  
It i s  d e s i r a b l e  t o  b u i l d  t h e  s c r e e n  dev ice ,  which h a s  capac i ty  con- 
s i d e r a b l y  i n  excess of t h e  p re sen t  mission requi rements ,  i f  i t  can be done 
wi thou t  s i g n i f i c a n t  weight pena l ty .  Such a dev ice  n o t  on ly  can  be  t e s t e d  
i n  -1 g ,  bu t  a l s o  would be  s u i t a b l e  f o r  a broad range of a p p l i c a t i o n s ,  wi thout  
r edes ign .  
E .  Zero-g Laboratory Device 
A s  mentioned, a p o s s i b l e  problem wi th  t h e  s e l e c t e d  des ign  i s  conceivable  
i f  t h e  e l e c t r o l y s i s  c e l l  should i n j e c t  l i q u i d  a long  wi th  gas .  Although a t  
e q u i l i b r i u m  t h e  l i q u i d  would be  pos i t ioned  behind t h e  s e p a r a t o r  s c reen ,  it i s  
3 3 s s i b l e  t h a t  a s l u g  of l i q u i d  would accumulate and only  be s lowly removed from 
t h e  gas  r e s e r v o i r .  One way t o  avoid  t h i s  problem would b e  t o  l i n e  t h e  e n t i r e  
chamber with f i n e  sc reen  u n t i l  i s  expel led .  
A one compartment model w a s  cons t ruc t ed  from 2 inch  d iameter  P l e x i g l a s s  
t ube  as shown i n  F igu re  (14A). I n  the a c t u a l  dev ice  several such compartments 
may appear i n  series. Ten micron pore s i z e  sc reen  forms t h e  d i v i d e r  and a l s o  
l i n e s  t h e  c a v i t y ,  as shown i n  ( B ) .  The c a v i t y  i s  f i l l e d  i n i t i a l l y  w i t h  l i q u i d  
( C ) ,  which i s  expe l l ed  upward through t h e  d i v i d e r  s c reen  by gas  from vessel ( D ) .  
P r e s s u r e  of t h e  e n t e r i n g  gas  i s  c o n t r o l l e d  by t h e  l i q u i d  head (E) .  
F igu re  14 shows t h e  c a v i t y  a t  a n  in t e rmed ia t e  po in t  i n  t h e  expuls ion  
where t h e  u l l a g e  bubble  h a s  occupied t h e  f u l l  a v a i l a b l e  d iameter .  Pumping 
gas  i n t o  t h e  c a v i t y  w i l l  cause  l i q u i d  t o  move up t h e  s c r e e n  i n  t h e  manner shown 
i n  t h e  i n s e t .  
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If  gas  i s  introduced t o o  r a p p l y ,  t h e  c a p i l l a r y  f low of l i q u i d  w i l l  
Th i s  behavior h a g  been observed i n  experiment. 
not  be a b l e  t o  keep up wi th  demand and bubbles w i l l  break through t h e  d i v i d e r  
s c reen .  Gas may d i s p l a c e  a l l  
of t h e  l i q u i d  i n  several minutes of t i m e ,  b u t  not i n  seconds. Decreasing t h e  
s c r e e n  pore s ize  would be expected t o  reduce necessary expu l s ion  time. 
The missions of p re sen t  i n t e r e s t  probably would r e q u i r e  expu l s ion  t i m e s  
i n  the o r d e r  of hours  r a t h e r  than seconds so t h a t  t h e  t e n  micron sc reen  should be 
adequate .  
a b s o l u t e  micron r a t i n g  of a given specimen must be determined by bubble break- 
through test. Ten microns should be q u i t e  conse rva t ive ,  however, as previous 
c a l c u l a t i o n s  had i n d i c a t e d  about 35 micron sc reen  should support  t h e  h i g h e s t  
l i q u i d  head a n t i c i p a t e d .  
Note t h a t  s c r e e n s  are i n h e r e n t l y  non-uniform i n  pore s i z e  and t h e  
The a c t i o n  of t h e  s c r e e n  i n  e f f e c t i n g  g a s - l i q u i d  s e p a r a t i o n  may be 
e l u c i d a t e d  by t h e  fol lowing mathematical t reatment .  
Consider t h e  dev ice  shown i n  F i g u r e  15, which i s  a long tube con ta in ing  
a c o a x i a l  screen.  The sc reen  i s  formed i n t o  a c losed  c a v i t y ,  e i t h e r  by ano the r  
piece of s c reen  o r  by a s o l i d  c losu re  as shown, and c o n t a i n s  t h e  u l l a g e  bubble.  
With a c c e l e r a t i o n  i n  t h e  i n d i c a t e d  d i r e c t i o n  t h e  s e t t l i n g  f o r c e  w i l l  tend t o  
d i s p l a c e  l i q u i d  i n  t h e  downward d i r e d t i o n .  
I f  gas  i s  i n j e c t e d  i n t o  t h e  u l l a g e  c a v i t y ,  t h e  p re s su re  rises and 
l i q u i d  flows through t h e  s c r e e n  i n t o  t h e  annulus.  This  process  con t inues  u n t i l  
t h e  h y d r o s t a t i c  head, h ,  e x p e r t s  a f o r c e  equal  t o  t h e  p r e s s u r e  d i f f e r e n c e  a c r o s s  
t h e  s c r e e n  a t  t h e  level of p o i n t  A .  Gas may be admit ted u n t i l  t h e  d i f f e r e n t i a l  
p r e s s u r e  f o r c e  exceeds s u r f a c e  t ens ion  f o r c e s .  A t  t h a t  t i m e  t h e  bubble w i l l  break 
through t h e  l a r g e s t  pore i n  t h e  sc reen .  The t o t a l  h y d r o s t a t i c  head which may be 
supported b L a  given- s c r e e n  may be c a l c u l a t e d  by equa t ing  t h e h r c e s  P and P- L G o r ,  &ah = - d o  
where 
Ap = d e n s i t y  d i f f e r e n c e  between gas and l i q u i d  
a = a c c e l e r a t i o n  
h = l i q u i d  h y d r o s t a t i c  head 
0 = s u r f a c e  t ens ion  of l i q u i d  
d = e f f e c t i v e  p o r e  diameter  of t h e  sc reen ,  
With hydraz ine  i n  a f i e l d  of -1 g and a 10 micron s c r e e n ,  
h = -  2cJ r * 67 x = 137 cm 
Apad 1 x 980 
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VARIOUS SCREEN CONFIGURATIONS 
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o r ,  a head approximately f o u r  times l a r g e r  t han  t h e  maximum a n t i c i p a t e d  tank  
d imemion  may be supported.  
Note t h a t  t h e  sc reen  c a v i t y  a l s o  could be s h o r t e r  t han  t h e  l i q u i d  head as shown 
i n  F i g u r e  15b. The e f f e c t i v e  h y d r o s t a t i c  head i s  now as i n d i c a t e d  and t h e  
a n a l y s i s  i s  i d e n t i c a l  wi th  t h a t  above. 
I f  a series of compartments as shown i n  F igu re  15c i s  employed and gas  in t roduced  
i n t o  C ,  t h e  compartments w i l l  be dra ined  i n  t h e  o rde r  CDEF. I n  t h i s  case, however, 
some p r o v i s i o n  must be  made t o  ensure  bubble breakthrough i n t o  t h e  next  compartment 
r a t h e r  t han  i n t o  t h e  annulus  where gas could e x i t  from t h e  system d i r e c t l y .  Th i s  
may be  accomplished, as shown, by a l a r g e r  pore s c r e e n  i n  t h e  d i v i d e r s  o r ,  a l -  
t e r n a t i v e l y ,  by f i n e r  pore sc reen  d i v i d e r s  between t h e  sc reen  and chamber w a l l .  
I n  t h e  l a t t e r  case, t h e  s c r e e n  c y l i n d e r  may be rep laced  by a w a l l  w i th  a s m a l l  
opening i n t o  each compartment as shown i n  F igu re  15d. 
The above des igns  are based on t h e  fact  t h a t ,  under s u f f i c i e n t  d i f f e r e n t i a l  
p r e s s u r e ,  t h e  bubble  w i l l  always break through t h e  l a r g e s t  a v a i l a b l e  opening 
bu t  l i q u i d  may f low through a very  f i n e  sc reen  wi th  on ly  a minute p r e s s u r e  drop,  
provid ing  t h e  l i q u i d  i s  i n  communication wi th  ano the r  body of l i q u i d  on t h e  o t h e r  
s i d e  of t h e  sc reen .  It i s  t r u e  t h a t  l i q u i d  f low through a f i n e  s c r e e n  i s  slow 
wi th  low d i f f e r e n t i a l  p re s su re  bu t  gas gene ra t ion  ra te  i s  a l s o  ve ry  slow and no 
problem i s  a n t i c i p a t e d .  
It may be noted  t h a t  t h e  above c a l c u l a t i o n s  apply  e q u a l l y  w e l l  t o  t h e  problem 
of l i q u i d  expu l s ion  from a t ank ,  f o r  t h e  same c a p i l l a r y  f o r c e s  are i n  e f f e c t .  
Thus, t h e  same s i z e  s c r e e n  i s  requi red  t o  prevent  e n t r y  of gas  i n t o  t h e  l i q u i d  
compartment as w a s  found necessary  t o  c o n t a i n  t h e  gas  bubble i n  i t s  s t o r a g e  
compartments. 
0 
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X Conclusions R e l a t i v e  t o  Task V a 
The experimental  and a n a l y t i c a l  work p e r m i t  t he  fo l lowing  conclus ion  
r e l a t i v e  t o  t h e  forthcoming Task V e f f o r t .  
A .  A g r a p h i t e  o r  carbon anode, i n  conjunct ion  with a 304 s t a i n l e s s  steel 
o r  aluminum anode, w i l l  g ive  s u i t a b l e  e l e c t r o l y s i s  ra tes ,  a t  any d e s i r e d  app l i ed  
p o t e n t i a l  up t o  28 v o l t s ,  without  s i g n i f i c a n t  e ros ion  o r  chemical a t t a c k .  
B .  Hydrazinium o x a l a t e ,  i n  small  amounts ((1%) w i l l  i m p a r t  adequate  con- 
d u c t i v i t y  t o  propel lan t -grade  hydrazine,  and w i l l  q u a n t i t a t i v e l y  provide hydrogen 
and n i t rogen  gases  as e l e c t r o l y s i s  products .  The la t ter  gases  are not  s i g n i f i c a n t l y  
so lub le  i n  hydraz ine .  
C .  There i s  no cause f o r  concern regard ing  t h e  c o n t r o l l a b i l i t y  of t h e  
e l e c t r o l y s i s  process  under p o s s i b l e  miss ion  cond i t ions .  
D .  Glass c l o t h  i s  a s u i t a b l e  wicking material f o r  low g r a v i t y  cond i t ions .  
E. S u i t a b l e  materials of . for  t h e  Task V e f f o r t  which are compatible  wi th  
hydraz ine  inc lude  6A1-4V t i t an ium,  aluminum, g r a p h i t e ,  OW% s i l i c a  g l a s s  c l o t h ,  
304 s t a i n l e s s  s tee l ,  Tef lon  and polypropylene. 
F .  A zero-g gas  ven t ing  device i s  f e a s i b l e  which can be t e s t e d  a t  -1 g 
and would have every l i k e l i h o o d  of ope ra t ing  s u c c e s s f u l l y  under miss ion  cond i t ions .  
The l i q u i d  expuls ion  s i d e  of t h e  dual  mode hydrazine system can be handled 
adequate ly  by sc reen  devices  which have a l r eady  been demonstrated i n  o t h e r  programs 
and need not be s t u d i e d  under t h e  r e sen t  e f f o r t .  
a 
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ERRATA TO SUMMARY REPORT, TASK I V  
P.  51  las t  paragraph 
. . . minimum impulse b i t  of 1 . 6  x 10 -3  lb - sec .  
P. 5 2  v-- 
454 g 3 mol 
X 
1.6 x x 4 x 3 lb-sec.  
120 lb - sec / lb  lb 32 g 
v =  
= 2 7  m l  82  ml a t m  294 deg Mol deg 90/14.7 a t m  X 
./‘P. 63 Paragraph 5 
2 G  A e a h  = - d 
